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Discussion BY Messrs. JOHN A. 0’ KEEFE, AND Cari 
Although the earliest attempts to test electronic instruments for use in 7 
gan as recently as the latter stages of World War II, 
much has been accomplished i ina brief time. Electronic instruments have been — 
used or tested in the following surveying fields: 


nd 2 
letic urpos 


Phot Photogrammetry, in which their application is twofold: 


b. Geodetic control of individual photographs; neve 2 


7 - 5. Measurement of short distances—that is, distances ordinarily associated © 


Topographic surveying for both ‘distance and 


hott Clearly all elias of surveying and mapping are being influenced by these ~ 


Rew developments. The purpose of this paper is to review these aspects of . 


Electronic adopted in hy drographic surveying 

with scarcely the formality of a test period i in that field. Shoran, for example, 

a was tested by the United States Coa Coast and 1 Geodetic Survey, a and the first field” 
4 trial developed into well-controlled hydrographic survey. Originally 


blind-bombing instrument, it was used for without modification. 
“An Nore.—Published in January, 1951, as Proceedings-Separate No. 52. 

7 = in effect when the paper or discussion was received for — “ : 
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_ ELECTRONIC NIC SURVEYING 


Because of its transmission hegiieey a from 220 safillicy cles per sec to 350 
millicycles per sec, shoran is limited in range. Electromagnetic waves of this 
7 frequency are propagated | in nearly the same manner as light, and hence the 
range is limited to “line of sight.” With moderate shore antenna heights of — 
from 50 ft to 100 ft, the effective shoran range of the survey vessel is from about 
30 miles to 40 miles. The neces necessity of extending this range led the | Coast. and 


Geodetic Survey to develop the “Electronic Position Indicator,” commonly 
_ known as the EPL Designed to use a frequency of 1,850 ones per sec, 
P the signals c can be propagated for long « distances by the “surface wav 
_ British Decca was designed for a frequency of 100 kilocycles per sec and i is also 
long-range | hy instrument. pwd Ay is sacrificed | Ww when low 


in any previously known method. 
Therefore e it may be stated that surveying methods have alr 


Tevolutionized hydrographic surveying and that advances are continuing. 


Soon after the end of World War commercial organizations secured 

equipment for controlling airborne magnetometer surveys. Previously 
“Ro method of plotting flight lines over water or unmapped areas with the accur- 
acy required f for these magnetometer surveys was known. — Up to the present 
a numerous successful magnetic surv eys have been completed, and valuable 
_ geophysical information has been compiled. Continued use of electronic 


Because shoran and other similar instruments were designed for pc positioning 
bombers over their targets, the possible application of these methods to long- a ‘ 
distance measurement immediately attracted the  geodesist. _ The possibilities a 
“of making intercontinental and interisland ties where distances were too great q 
conventional optical methods, and of making measurements over inacces- 


gible terrain, inspired geodesists to undertake several test projects. ss The most 


4 


important question to be answered was: ‘“‘Can long distances be measured with | 
Geodetic accuracy by electronic instruments?” 
‘o- The most extensive of these test programs was begun in 1944 by the United i. 
States Army Air Forces under the direction of the writer. Two comprehensive | 

projects were undertaken which were concluded in 1947. Considering the fact — a 

7 these tests were based | on using a modified blind-bombing instrument 


instead of one ig for surveying, the results obtained were remarkable. 


~ successful, pee in the latter phase of the nahios forty-seven distances which 
varied between 67 miles and 367 miles were measured in the Caribbean area. : - 
ie complete discussion of the technique is beyond the limits of this paper, 
but the problems that faced the project staff were so extensive that the methods 


designed to overcome them will be | briefly. 
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ELECTRONIC SURVEYING 

As previously stated high frequencies ni necessary for greater 
are propagated on line-of-sight paths. Range is therefore limited by curvature | 
of the earth and local obstructions. — However, the equipment is adapted for 

& installation in 1 aircraft, making the range a function of airplane altitude when — 

; no local obstructions exist near the ground stations. When an airplane is 
flying at an altitude of 40,000 ft, shoran or similar instruments can measure a 
distance of more than 250 ‘miles between the aircraft transceiver and gr ground an 

- station transponder. Using two ground transponders the effective measuring i 

: range is doubled. i ‘This result is is accomplished by flying the airplane across the 
line between the stations, recording simultaneously at short intervals the dis- 
tances to both ground stations and determining the minimum sum distance _ 

7 graphically or analyt tically. The minimum sum distance can be corrected to 

the geodetic. distance by “corrections involving plane altitude, 
q ground station altitudes, and the radius of the earth. mrtg seit 1 o milf ad? teat! 
Using: Jong distances measured i in 1 the foregoing 1 manner, a trilateration 


“cal! 


The Caribbean tests proved that the method was practical. A board of 
experts appointed to evaluate the results concluded that: ies riley? 


(2) 


jae of radio waves was present. If true, this would i increase the esti- 


In accordance with the second comment t by the board, the writer manile an 
—— of the velocity of radio waves as indicated by the shoran results. 
- The deduced velocity of electromagnetic waves in vacuo was found to be 

299, 792 km per sec or 16 km per sec greater than the previously accepted 
. ~ value. ? Further evidence that this uncertainty exists is shown by the results of 
7 _ two other observers, L. Essen* in England and Erik A. Bergstrand‘ in Sweden, 
both of whom have obtained si substantially the same value by independent 

methods. ——_ further research i in determining this important constant 


iss necessary be efore electronic’ systems of [measuring long distances can be 


The operational procedure and computational methods of shoran trilater- 
] ation at first a appear so laborious as to be impractical, but ex experience has proved a 
7 =—- . The flight maneuvers are operationally practicable and the neces- — 


4 sary computational steps can be arranged in an orderly manner. a The computa- i 


tions can be so simplified that relatively inexperienced computers can perform 
“a the mass calculations. x Extensive use of tables expedites the computation 


‘The following fundamental steps are required ‘to determine the geodetic dis- 
tances and the final geographic positions: j= 


the of agation of Radio Waves Be Messured by Shoran?” by Cari Adiakson. 
Transactions, Am. Geo nion, August, 1948, p.475. 


 §“Velocity of oon Waves,” by L. Essen, Letter in Nature, London, England, Vol. 195, 1947 € 
‘A Preliminary Determination of the Velocity of miei? by Erik A 
etenskapsakadmien, Vol. 36A, Stockholm, Sweden, No. 20 948, 


«J 

é 
— 
| | — 

— 

— 


| 


(a) of minimum sum distances and altitudes of aireraft‘a 
(6) Application of instrumental calibration corrections; bie irae 
(c) Determination of velocity corrections paisa Revie ni 
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In practice the equation of the time intervals (or frame numbers) versus sum " 


- is considered as a parabola. assumption is not exactly true b but 

_ it can be shown that for the conditions under which the lines are flown no _ 

4 appreciable error accrues from: making it. The observed distances, as read 3 
from the film of the automatic recorder, are added and a parabola is fitted to the 

observations by a least-squares adjustment. Extensive use is made of precom- 4 

puted constants to shorten the operation. The minimum value on the vertex 


tions ‘made the line « crossing. | graphical plot of observed sum distance 
Versus frame number, and the corresponding fitted parabola, is shown in Fig. 1. 
Simultaneously with the line- -crossing measurements the aircraft altitude is 
Semen by one or more of several methods involvi ing the use of radio altim- _ 7 
barometric altimeters, and meteorological observations. The ground 
station elevations are determined by conventional methods. 
line- crossing procedure, known as the “figure~ -eight method”’ is shown in in 
‘= 2. ‘The purpose of adopting this flight procedure is to eliminate or mini- ) 
mize observer’s errors and certain instrumental errors of a repeating nature. . 
_ Approximately 1 mile of distance change for each station is used for the compu- “a _ 
7 . tation, the reason being that the instrument has a cyclic error that repeats | ts 
itself each mile. The observing procedure also eliminates errors caused by 
os _ slackness in certain gear trains and minimizes the personal errors of observers a a 


_ in tending to lead or lag as they make coincidences between moving “pips” on 


INSTRUMENTAL CALIBRATION -CoRRECTIONS 


iles 


M 


Sums in 


Certain instrumental corrections must be determined by calibration and 
i‘ applied to » the minimum distances. . The most important of these are wate 
frequency calibrations, measurements of some fixed delays in component 


é 


‘a of the equipment, a zero or an index correction, and an empirical correction for 


which i is fixed i in the instrument by a crystal of a given frequency. - However, — * 
Be. radio waves travel through : air of vary ring pre pressure, temperature, and mois- _ 
ture content which change the velocity along the path. Therefore it is =. . 


ary to adjust each distance wai a correction which isa is a aceite of the difference 
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SURVEYING 


between the . The lapse rates of pressure, 


temperature, and relative humidity along the ray path can be determined in a 
number of ways, the best method to use a second make the 
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1.—Grapatcan Prot or Osserveo Sum Distances Versus Frame NUMBERS, 
We da 9 AND THE Firrep PaRABOLA ould ai a 


-f meteorological measurements. It can be shown that the ve 
ean be expressed satisfactorily by the following relationship: _ ; 
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. a computed minimum distances must be r reduced to mite geodetic: distance 
based on the distance, altitude of and altitude of 


= 
LY 


Solid Lines Represent | 
Recording Period During 


Fre. 2.—SHoRrAN Liwe-Crossine 


: the line « crossing along the azimuth of the line; r ris the mean r: radius of curvature ; 
of the shoran ray; S is the shoran distance as observed: H is the altitude of the - 
aireraft; and K is the altitude of the ground station. The assumption that 


thes ray path i is a circular eu curve causes a small error which c: can be removed by 


in which AS is the velocity correction; S is the shoran distance; and 

difference between the index of refraction assumed in the instrument design and 

4 

a 

— 

— 4 

4 correction table since the actual ray path can be determined with moderate 


— 


‘accuracy from. the meteorological observations. The error resulting from the 
assumption that the length of the “geodesic”’ is equal to the length of the plane ~ 
In actual practice the use of the rigid formula (Eq. 2) is not justified. Several — 
4 ‘simpler relationships are currently in use and are sufficiently accurate for all _ 
ag Cedric W. Kroll* has developed @ rigorous method of computing the 
velocity correction a and geometrical correction simultaneously by numerical 
_ “Rhegeetion of the basic differential equation of refraction along the ray path. 
‘This method is too laborious to use unless electronic computing instruments 
A network of shoran-measured- distances can be adjusted easily by the 


method of least squares if observation equations are | used . The general form 


+ Vp C08 — Xq sin 
in which Spe is the observed shoran distance; Vie is is the most probable change 
in ‘are the changes in the abscissa and the ordinate of P; the 
and Y, are the corresponding changes in Q; Gpg and agp are the geodetic 
= at P and Q respectively; tpg is. the i inverse distance computed from 
=: assumed positions of P and Q; and K is a constant which represents a 
_ constant error in each measurement. The constant K need not be introduced > 
the presence of such an error is suspected. 


~The assumed positions ca can be determined posi- 
tions through a single chain of triangles using first-order geographic position 


¥, 

q Ue forms. The next step consists of computing rigid inverse distances between 

all points over which shor shoran distances are measured t to obtain the values of ing. . = 


as “The general equation r may be rearranged as necessary to fit specific condi- 
tions such as those when certain points, distances, and azimuths have to be 


held fixed. The observation equations are then reduced to normal equations | 


and are solved by conventional methods. 


The | rigorous computation of geographic positions is | difficult long 
lines are involved. WwW hen the aforementioned adjustment method is used, the — 
position computation is simple. After the adjustment is completed, it merely — ‘4 

s becomes n necessary to change the assumed positions by the X-value and the 

Y-value as derived from the adjustment. _ Obviously this method does not 

a furnish azimuths; but they can be computed by inverse computations if re 
quired. In practice, azimuths will seldom be required in long-line trilateration. — on. 


Long-distance electronic trilateration has certain advantages that 
assume great importance in surveying and mapping: 


§“A Rigorous Method for Com cal Union Geodetic Distance from Shoran Observations,’ by Cedric W. 
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av) ELECTRONIC 


distances which can be measured ‘methods. 


surveys can be made may be the controlling factor in determining its adoption. 

_ It has been demonstrated that large areas can be surveyed in a few months we 
which could not be surveyed in decades using conventional methods. 
as _ (8) The functions of geodetic control and aerial photography can be ! 


es ~ When the time factor is important, the rapidity with which shoran 7 


combined efficiently’ in a single organization, and these operations can be per- a 
formed simultaneously on the same project. to 
(4) - Unit area costs are far lower than those of conventional methods of _ 


control. A satisfactory estimate of the cost of shoran geodetic control is about 


- $1.00 per sq mile. This estimate is derived from a single large shoran project. 
The cost per | station is s large, but few st stations ar for 


"7 


_ (6) Shoran distances can be recorded for every aerial photograph, providing 


the third-order control simultaneously with aerial photography. 


ss Conventional navigation of photogrammetric airplanes i is always difficult — 
e 


ven when g good maps are available. Over water or uncharted areas excessive _ a 


side lap i is required, and even then ‘Many gaps occur which necessitate costly 
‘Teflights. When shoran is. available, flight-line navigational instruments can 
be used to simplify airplane navigation greatly. ‘These instruments, operating y 
_ directly from the shoran mileage counters, indicate the position of the aircraft A 
with respect toa given flight line at all times. 
indicator shows this ‘relationship in unit ‘changes ‘of about 25 ft. Seve 
designs of these flight-line indicators have been operated successfully with 
large savings resulting from reduction in overlap, avoidance of gaps, and og 


Conrron or PuorograPHs 
_ The British have tested their electronic instruments Oboe, G-H, Am Decca oa 


li 


only published estimate of the accuracy of shoran is based ‘on early 


tests. The Engineer Research and Development Laboratories, at Fort Belvoir, “a 
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ELECTRONIC SURVEYING 


errors amounting to 120 ft are encountered in individual sheets 
ae In addition, systematic errors of about 40 ft may occur between sheets. 
Studies of recent projects, particuiarly those where the flight-line navigator 


_ Clearly, electronic control of aerial photographs approaches the accuracy 

afforded by the slow and ‘costly conventional ground control. Certainly the 

present accuracy is adequate for many areas which are now unmapped. The 
of entirely by electronic control are very in that: 


Less is lost due to weather; hic 


hie c. Inaccessible terrain can be mapped; and © 
d. Large areas can be mapped very quickly. 


Use or WEAt THE 
Co tinuously g good photographic weather is rare . Frequently 


y photographic 


but cloud coverage is too great for. photography. . All this time can be used in 
line measurement for the geodetic control. When, at last, photographic 
weather prevails, the mission can be changed to photography. Clouds, haze, 
smoke, and fog do not prevent shoran-distance measurement. Obviously a 
ee of both these functions contributes toward efficiency. jh 4 
Aside the reduction in cost of geodetic 
‘ should prove to be cheaper than photography flown with conventional naviga- 
tion because o of the efficiency of the flight-line navigation system. HF No: appreci- 
able g gaps requiring reflights have thus far been encountered on any shoran- _ 
navigated project. — At the same time the side lap can be reduced to the _ 


= later date exactly where the break Logistical are decreased 

because location of control station is very flexible. Airfields ‘often ‘provide 
me sites for shoran ground stations. Observers who have seen ‘shoran- 


photography i in use are enthusiastic supporters. 


OF InaccessIBLE TERRAIN 
to Pies, 4 


RAIN 
‘The facility with which inaccessible mountains, jungle, tundra, or swamps 


mportant. For example, frequently 
b mountain range may be mapped without establishing a single shoran station 


«a a ‘mountain Fig. 3 a shoran | scheme in 

- careful location of the stations on local prominences outside the mountain range 
will provide call needed control. _ Furthermore, the ‘same ‘Stations 
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deliberate of these slim triangles i 
7 feature of shoran trilateration. _ Their purpose is to reveal the eam presence 
cons 


tant errors of measurement. — This may be clarified by stating that, if a 


dine is measured as a whole by shoran and if a second measurement is derived 4 
from projection of two shorter sides, a error occurring in each 


A 


and the sum of the two short measurements. — iacaieneadins the presence of 
8 constant error in each shoran measurement would be revealed i 


ment when a number of thin triangles is included in the network. paste a 20° 
The rapidity y with sh which shoren- controlled photography can be executed has 
been proved repeatedly in practice. In one case, an area of 36,000 sq miles. 


was photographed which had previously remained unmapped in spite of the 
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ELECTRONIC SURVEYING 


Re efforts: of several years to photograph it with conventional navigation. No 


time is lost in beginning flight lines. The shoran straight-line aealahiee:- 
enables the photographic plane to be flown directly to the starting point of 
each flight line. Small open areas free from cloud coverage can be 


of weather is therefore reduced to a miminum. : “eS 


bet ee Frequently, the time element i t is more e important t tk an all I other sai 


tions. Mineral discoveries, economic development, or military requirements 
may demand rapid mapping of f large : areas where no control exists. «At present, — 


makeshift reconnaissance maps: or uncontrolled 1 mosaics must suffice. In ‘such 


— 


Bes controlled maps with 1 


The. field of ordinary ‘ground: survey is also invaded by 


surveying ‘Here competition i is keen because sigh advantage of the 


many are being developed and few descriptions have be been 


_ The “Bergstrand geodimeter” uses light reflected — 
from a . plane mirror onary The light is modulated in precisely controlled — 
waves which are picked up by a photo cell after reflection from the target. 
Space limitations prevent a detailed description of this instrument, but pub- 

lished reports claim that accuracy greater than 1 part in 300,000 can be at- 

_ tained with this instrument over distances up to 30° km. The time required 
for -an observation is reported | to be ‘two hours, v with two additional hours r re- a 
quired for computation of the results. _ The instrument is. reported | to be port- . 
able, a and adaptable : to field use. rae Observing conditions r required are similar to a 
_ those needed for conventional triangulation. 
Several other portable ‘field using visible light: or high radio 

- frequencies have been designed or are under development. ‘The mere 

differ widely but many of them are very promisiag. 


we As an exam vle of an efficient use of instruments of this type reference is 4 
made to Figs. 4 and 5. Fig. 4 shows a conventional scheme of river triangule- 
tion used by the United States Coast and Geodetic Survey. _ Between line A 


and line F B there i is @ total of fifty-one stations. . Fig. 58 shows how this scheme 


can be reduced to twenty- five stations and strength of be 


le learn to revise hi his conception of “strength of figure. 
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ventional Methods fall. Owever, even in ground surveying 1S now sale to _ 
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} 
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-geodimeter. Azimuth checks can be carried accurately throug e scheme 0 4 
— ay triangles and, at the same time, checks on the electronically-measured bases — 
as 
he — 


_ At least one electronic system promises to be useful in topographic surveying. a 
The Engineers Research and Development Laboratories have published a ' 
 description® of an electro-optical system that measures distance by light pulses "4 om 


eavily Wooded 


= 


4 


with an accuracy of about 1 part in 2,500. This instrument also measures _ 
- both horizontal and vertical angles to about 1 min of arc. The system is 

_ portable, easy to use, and has a range of about 3 miles. The target is a corner 2 


— 


— 
Optioal Badar Sigvten,” by Charles A. Hoon 
i 


RVEYI 
cube reflector. The use of such rument may be important in s 


-Mountainous and Heavily Wooded 


“THEODOLITE ‘DIRECTIONS 


Dererminati 


Radio altimeter development includi 


has been advancing. Recording instruments or profile recorders for use in 
airplanes are also being designed. — time (1950) an approach t 


— 
i 
1 PICAL CONVENTIONAL ScHEME oF RIVER TRIANGULATION 


= 
BLECTRONIC § sunvern 
rol has not been a tained, 
_ but progress is being made. When the upper air is mapped by meteorological 4 
observations from balloons or airplanes ‘si nultaneously with the airplane 
altimeter observations, a a moderate degree of accuracy can be obtained. 
1g A siderable research is being devoted to this field by the U. S. Army Air Forces, _ 
by the Canadian a and and by certain private 
The government, a of early attempts to obtain vertical 
d 


known elevation for control, the error of intermediate ‘profiles a! be 
reduced to + 10 ft with occasional errors 0 of as much as 50 ft 
Certainly by combining the height-bridging qualities of photogrammetric 


ale elevations of a reasonable degree of ‘accuracy will soon be possible. 
One | promising technique which is being tested by several organizations 
a r. that of establishing a number of datum planes or surfaces by using radio altim- ae a 
eter ties between known elevations and the datum planes, as an 
located by electronic methods flies between them along a constant pressure 
devel. ‘The gradient of this pressure level can be determined with considerable ane "4 
accuracy if the pewnen flies at an altitude where the geostrophic winds prevail. 4 “S$ 
ge - Geostrophie « winds are those caused solely by the rotation of the earth, and bes 
the winds are geostrophic above from 12,000 ft 
electronic equipment such as shoran, the slope o ot the 
can be determined ~ the following relationship: ee 


‘mean latitude of the line; S is the air - distance along the flight line; and Kisa a a 
‘When is expressed ‘in knots and S in nautical miles, an - example 
extracted from a paper by arner illustrates computation: 
82 X sin 47° sin 33° 30" _ = 46.3 ft. Mr. Ws arner estimates that 


the 1 necessary data needed in the ‘computation can observed to 

is a _ the number of significant places needed for reasonable accuracy. Multiple Be 
ine under varying conditions, ties between datum planes, and ad- 
justment of the differences between these datum planes to obtain a consistent 


— 

7A Method of Reduction of Line-Crossing Observations in Radar Surveying,” by J. Warner, RPR90, 
Council for Scientific & Industrial Research, of Geoph, ysics, Commonwealth of Australia, Radio 


— should reduce the probable error considerably. The method was first 7 
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= additional were recommended in the final The 
government is also using this technique, but no estimate of its accuracy is 
available in official reports. ang rae. 
Further research, using the pressure-gradient technique, will cert inly 
provide vertical control in many areas where conventional | leveling may not 
or where it is possible to relax present specifications. ine 


7 “a The accomplishments i in electronic surveying, t o 1950, have been discussed. 


However, there is need for further research to obtain: _ an lo 


(1) Better determinations of the velocity o of propagation 1 of radio waves; 
(2) Better knowledge of the relationship between the index of refraction a 
* of moist air and changes in pressure, temperature, and relative humidity; 


at The of electromagnetic waves in vacuo i is the y yardstick 


used in electronic distance measurement. At present t there is considerable 


‘= 


value of this constant. ‘ABLE | or Vetociry 


ry 
1.39 ELECTROMAGNETIC Waves in Vacvo 
magnetic waves in vacuo ___ 


many observers. The published Observer ai 
ished sinc e ser- Newcom 4,000 +380 
errotin® ,000 +84 
“vation reported by A. A. | 290781 2100 
Michelson i in 1879 1924 35,000 430° 
192) -Michelson¢ 35, +4 
listed in Tablel, jouw 1920 


Obviously this i im- 1935 15,000 


portant constant may be 1987 | Andersoné .170_ 299,771 +15 


a 


thy 


1940 Huttelé ... .| 48 to 118 
uncertain by about 1 part 1941 Anderson 270 
in 20,000. Until greater Aslakson® . 


id 
accuracy is assured in its | Berestrand?. -| 91000 | 299,792.8 40.25 


“distance measurement w il the waite: 
sing the Kerr cell-photo cell met * Using rotating mirrors 
have proportional uncer- — in vacuo. /Using the resonance in wave guide. ¢ Using the shoran — 


method. 4 Forty-seven distances varying from 67 miles to 
tainty. However, it is mile. * From corrsspondence between Mr. Bergstrand and the 


offer the best method of determining the velocity of radio waves by comparison 
? with accurately determined distances of varying léngth. This is particularly ae 
< _ true if the long-range instruments such as shoran are improved i in accuracy. — 
ff Shoran errors remain in nearly the same irrespective of the distance; therefore 
proportional error decreases with an increase in distance. edd 
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Although velocity of propagation of radio waves is considered to 
hal constant in vacuo, and independent of the frequency, surveying measurements 
atin are made under varying atmospheric conditions. This procedure causes” 
perio in the velocity which must be evaluated for corrective purposes. The 7 <s 
2 


relationship between velocity in air, , which has a permeability very nearly 


in which V is: velotity in air; Vo is the inav vacuum; n is the 


“ah in sonar temperature, , and relative humidity : are in use. In { general, = | 
" expressions take the following form with small differences in the constants: ee 
79 5 (P — e) 5 
— 1) 108 = + 3.80 X 10° 6) 
‘in Pi is the total pressure, in millibars; e is the partial vapor pressure, in 


4 en millibars; and 7 is the absolute temperature, or 273° plus the centigrade tem- 


a ‘measuring the quantities involved, may affect the fifth significant place i in 
distance | determinations. ‘Thus the evaluation of present long-distance mea 
surements as “approaching the second order” may be by a 


further uncertainty exists because 0 
in the frequency band width which lies between the higher radio reece ll 
‘ _ and the optical band. ‘ae discontinuity i is caused by a change i in a the eqgunepengll 


this discontinuity. cae boundary limits have not been closely defined al- =o 
Ll though it is is known that the dielectric constant o of water vapor remains constant — a 
: down to wave lengths of the order of 1 mm. . A transition then takes place vs 
4 through the infrared region until a new optical value is reached. _ Therefore, ih 


dielectric constant of mixtures of water vapor onli air over widely 1 
_ frequencies, as well as the improvement of automatic recording meteorological 
is importance to electronic surveying. 


Considering the fact that, except for the Swedish geodimeter, all research 
ens on precise distance measurement has been done with adaptations of aetreanieis 
; _ designed for military purposes, the results have been remarkable. — The = 
ote shoran instrument used in the Caribbean project contained numerous circuits — 
useless to the surveyor as, for instance, antijamming circuits. b It was designed — 
a for more liberal tolerances; and, although field modifications were made “i 
a that project to increase the accuracy, these modifications did not always e 


eliminate errors: completely. source» of erro 
tow 
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of the “rise time” of the signal. Unless the time required for 
* signals to increase from zero to a maximum is reduced to a very small amount, 7 
some form of empirical signal-strength correction is needed. This method of © 
correction is unsatisfactory, since many variables difficult to assess are involved. — bs 
re In current studies of shoran an attempt is being made to overcome this difficulty — pt 
- by maintaining voltage gains at a constant level, but at best this is a makeshift 
solution. The real solution lies in the design of electronic surveying instru- - 7 
ments with the “Ti ‘rise time” of the signal greatly decreased. studies are 
currently i in progress. as aa like one (i879 


i. All research in electronic : surveying is done either i government organiza- 
tions or by government development contracts. The success that has attended o ae 
these efforts is is causing the surveying and mapping engineer to realize that ~ 
field is undergoing a revolutionary change. Commercial organizations are 
+5 becoming interested in production, and it is only a matter of time before new 
* electronic surveying equipment will be available for civilian use. The short- 


distance measuring equipment will no doubt have the wider application, 
instruments of this type will effect ‘profound changes in present surveying — 


: For. example, city control surveys will be executed more rapidly and with 4 
greater accuracy. The word “trilateration” will become a commonly ed 


a The members of the surveying and mapping p rofessions are evincing greater 
and greater interest in these developments. It is to be hoped that this interest 
. will increase, and that popular support for the research programs i in electronic | 
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Joun A. 0’ Krers’— —It is useful to notice that the signal strength correction © a | 


to by the author under the heading ‘Instrumental Calibration 
rections” is of the opposite sign and much the same magnitude and form 4 + 
the correction to improve the velocity of light. This accounts for the fact 

aa that in the early experiments with shoran, accuracies of the order of 1 part in 

60,000 were frequently—even generally—obtained. The signal 

ey correction was discovered while everyone still believed in the Anderson value | 

_ of the velocity of light. The author courageously inserted this correction into 

: 3 the calculations even though it made all of the checks with ground measure- _ 

ments worse and reduced the apparent accuracy to 1:20,000. He reaped the _ 
* reward. of his courage when he made the discrepancy th the basis for a new value 

‘The writer was one of those who saw that the systematic 1:20,000 discrep- 


pea might mean that the velocity of light was in error, but he hesitated to a 
80, especially after consultation the recognized authorities in the field. 
> ) 4 _ Examination of the list of determinations for the velocity of light from Mittel- — 
hs > a staedt’s 1929 value to Anderson’ ’s 1941 values, all of which are within a few 
a 4 kilometers er second of the value 299, 776 km pe per "see, , str ngthened = 


of light or to periodic changes in its wilediy; but it could also be nothing more 


eo ‘The author has since justified his faith in the | reality of the signal intensity © 2 
. aeee and the consequent change required in the velocity of light by flying ‘ 
oP. over the same area with apparatus in which the gain is changed in such a way | 
have | constant signal strength | presented to the measuring ‘apparatus. 
Thus he has been able to confirm his ideas about the velocity of light without. 4 


_ making use of the signal intensity correction. = lee 


ey Some users of the shoran apparatus continue to use Anderson’s values of 
a: a. the velocity of light and to omit the signal atonal correction with ‘moderately 4 


Cart I. Astaxson,” M. ASCE.—The writer has that 


_ in the field of electronic surveying were so rapid that publication dates could — 
4 


2 aa x not keep pace with them. On a project undertaken in 1951, it can be stated — - 
a with assurance that si distances were measured with first-order accuracy. — 


value of the velocity of light (299793.1 km 
#Chf. Research and Analysis Branch, Geodetic Div., Army Map Service, 
; HN * “Velocity of Light and Radio Waves,” by L. Essen, Nature, Vol. 165, 1950, p. 583. 
,Comdr., U. Coast and Geodetic Survey, Washington, D.C. | 
nu‘ New the of * by L. Essen, Neture, ' Vol. 167, 1951, 258. 


va 


_ than the human unwillingness to fly in the face of constituted authority. $§8 ff 
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was used as the in the instrument. However, during the 


3 course of the project, a large number of surveye red distances will also be measured — ne 
by high precision shoran, utilizing the ‘gain-riding” technique metioned by 


Me O'Keefe, and therefore ‘not requiring a correction. for signal 


a) psec been closely verified. A value for the velocity of light of 299794.2+1.6 | 
O’Keefe’s remarks concerning the courage of the author in publishing 
this value are gratifying. However, it appears to the writer that the real 
a _ exhibition of courage was shown by Mr. Essen, who has insisted since 1947 
an - the Birge statistical value of 299776 km per sec was too low. It must 
‘ give him great satisfaction to see so many recent determinations confirm his nae 
early cavity’resonator results. Certainly the writer, faced with the necessity 
% 


applying an empirical correction for signal strength would never have had 
the temerity to propose a new value for the velocity of light had not Mr. Essen - 
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not of prime importance inasmuch as the scale ratio of the shoran distances 
to the surveyed distances will provide another velocity determination. In _ 
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It was apparent to the Turkish people i in 1947 that pi progress in pie ion con- 


was imperative from commercial, agricultural, and security viewpoints that 
u steps should be taken to develop an over-all transport policy consistent with 
national needs. An opportunity to benefit by American assistance was first ¥ 


‘ ‘ane and maintenance was seriously lagging, and i in the public interest it. q | 


_ presented by Public Law No. 76 (Eightieth United States Congress), popularly . 


as the “Aid Greece and Turkey Program.” em . 
_ On December 1, 1947, a group of experienced highway engineers was sent to’ { 


Decker by the United States Public Roads Administration (later the Bureau of » 
4 Public Roads, United States Department of Commerce). Although American — 


grants or loans have paid for this technical assistance and for purchase of 


_ modern road ‘equipment, the Turkish government itself has financed its Toad 


2A The reaction of the Turkish people t to this active program for highways has 


been n surprisingly like that of the average American and the Turks are somewhat a 


E astounded by the rapidity ¥ with which their own engineers ; and workmen have 
- been able to translate words into action. There is promise that the Turkish _ 
gov ernment will, w ithin a period of a years, a 


— 


joins the Middle East with Western Europe a and which in the past has witnessed 
the passage of many peoples, both in terms of world trade and of conquests. 


_ Modern Turkey is a tight lit little republic i in the bridge of Asia Minor a 


‘Iti is the legendary |; land of the Hittites, the Persians, the G: Greeks, the Romans, 4 


Nore. —Published in February, 1951, as Precestings-Separate No. 58. and titles 
those i in effect when the paper was received for publication, 


Mm 
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ae the Golden Fleece. Paul of Tarsus traveled much in southern Turkey and» 5 
4 the descendants of the Amazons still live in the northeastern section near the © oie 3 


‘States, it has all-weather roads naar less than 1% of the mileage of © a 
similar roads in the United States. Tt has a population of 18,000,000— about ms 
_ 54 people per sq mile as compared to 44 people per sq mile in the United States. i 
a __» Predominantly it is an agricultural nation. As lack of adequate highway 
7 facilities i is no reflection on the ability of the Turkish nation to visualize and a 
determine transportation needs, the first ‘objective: in transportation | was to 
finance and build a network of 6,900 km of railroad to handle mass transport. _ 
; _Inth the short space of twenty-three years this was accomplished, except fo for a few : . oo 


_ The determination of the Turkish ls to proceed i in fulfilling its highway 7 a 

“needs i in an orderly manner is both rational and timely. - Insuch a country me 

or elatively y short distances, i in modern | terms, highways can be built, bettered, and a 

- Inaintained at low cost. Increased mobility i is an economic necessity ; expensive ~ 

animal transport ‘enw longer be afforded. Agricultural and industrial 
development must not be retarded by lack of. modern highway transportation. Sh 

Fertile land too far removed from railroads to make products marketable should 


= 


be brought into agricultural production by tapping these regions with farm- to- 
| market highwa ays. - Improved highw: ay y transportation | will make it possible for 
farmers to grow wider varieties of products, marketable in new trade centers — 
farther from home, and thus will reduce the risks involved in relying on a single © ay a 
crop. ~ Losses in weight « of livestock caused by driving the animals to market a: 
could be conserved by trucking, as in the United States. Justasinthecaseof = 
agriculture, improvements Ww ould result in all economic fields—mining, manu- 
; facturing, and fishing—as markets and sources of the products are brought 
closer together by better transportation. yo 
g __ Another ruling factor is that the terrain is unusually difficult. The ap- 
g proaches to the Anatolian plateau, at an elevation of about 3,000 ft above sea 
= 
level, have | made railroad location difficult and costs high. 
a The following units be useful in converting from 


TAs 


Prost 


‘The 1947 rural road of Turkey was as Al, 300 km. 
total is, Gvided into a a proposed national system c of 20, 000 and 21, km 


the Genoese, the Crusaders, oman Turks of Central Asia. ‘a oe 
a. 300 miles wide, is a little larger than Texas. It became a republic in 1923. oa ae oe 
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ud not structurally sou sound enough to carry the i increasing m¢ motor | traffic. Likewise 


tah trucks and buses. In poy traffic counts showed that — 
vehicles were distributed as follows: at hinge 


hundred and ninety, whereas the total motor traffic 500 vehicles 


_ Bince 1932, the expenditures res made on the national and provincial system 
“averaged about 18,000,000 Turkish liras per year ($6,500,000 at 2.8 liras sper 
= ee _ Experience has shown that this rate of expenditure was not suffic! ent 
to maintain the roads already constructed and the new sections completed each 
The revenues for national hi ys prior to 1948 consisted 
u ghways p 
- largely of appropriations by the General Assembly and 15% of a compulsory 
Toad contribution known as a “Poll Tax. ” The latter was levied on males from 
‘eighteen years to sixty years of ¢ age, at an arinual rate of from 8 liras to 12 liras. 


2 These revenues were budgeted and the amount unspent at the end of the year 


was returned to the general fund for rebudgeting i in the following year. Ts rd 


Bre certain volume of contract construction was completed yearly by Turkish 
tg na contractors between specified termini. These improvements were financed — 
by bonds issued in accordance with acts of the General Assembly. _ Usually 
ohh bonds were discounted at the state banks and were matured in succeeding 
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> _ As was apparent to the Turkish people in 1947, progress in highway construc- a 
i tion and maintenance was seriously lagging and in the public interest it was 
imperative from commercial, agricultural, and security viewpoints that steps 
, _ should be taken to develop an over-all transport policy consistent with national 
needs. highway, railroad, reclamation, and port construction under 
+ jurisdiction of the Ministry of Public Works, the time was opportune to 


initiate and carry forward studies aimed at coordinating the development of | 


Public Law No. (Eightieth | United States Congress, First Session, ¢ 61 
¥- oo 103), popularly known as the Aid to Greece and Turkey Program, was — 


keeping with th the spirit of Nations. this act, an 


“mos g 


000 km of city and village streets 
ral roads. ough 12, 
and other ru 
— 
routes of the system. 
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signed on n July 12, 1947, Turkish 


. es governments on aid to Turkey. Subsequently, it was decided that, of the 
$100,000 000 granted to Turkey, $5, 000,000 should be used for highway — 
purposes. It was further decided in October, 1947, by an understanding with ee 
the Turkish government and a Memorandum Agreement between the State 
_ Department and the Public Roads Administration (PRA) that the PRA would Be 
arrange promptly to send a group of experienced highway engineers to Turkey. _ 


‘The PRA Group arrived in Ankara, Turkey, on December 1, 1947. Prior or 
to its arrival, a receiving center for equipment had been established by a detail — 


of civilian employees of the United States Army at Iskenderun and the training ‘ 


=... equipment operators had begun. ‘This activity was transferred to the PRA | 


a The cooperative activity of the PRA Group, in the words of the agreement 


4 


the American Mission for Aid to Turkey ‘and the Ministry of Public 
“Phe [PRA Group] * will assist the Ministry of Public Works of a 
~ Turkey i in establishing a long-range highway improvement program and in 
establishing a pattern for highway administration on a national scale based 
‘Riss “A. Inspection and studies of the topography, present condition of the 
roads, and other physical aspects, such as soil types and available 


djs “BLE Economic studies of “present and potential kinds and uses of im- __ 


proved highways, particularly with reference to the national 


security and the nationaleconomy; al. 


ic a «GC, Preparation of estimates of costs of proposed improvements; 
wong, Methods and types of construction and maintenance and their 
application to the actual operations; == 4 
A study of equipment and equipment-maintenance shop requiree 
‘sauilieapagy ments to carry out the proposed program; 
att “F. _A study and establishment of required highway laboratory facilities; — 
Training of Turkish personnel in highws ay construction, main- 


a: The American aid funds v were used for the purchase of: (1). Highway engineer- 
aa and construction equipment in the United States and its transportation — 
cost to Turkey; and (2) payment of salaries, office supplies, and other expenses 
of the chief of the PRA Group and his staff. The budget of the Ministry of | a iS 
_ Public Works provided for financing the road { programs and included such items _ te 
as purchase of materials, supplies, and rights of way, as well as all salaries, — 
wages, and expenses of Turkish personnel engaged on the program. ara} 
. Ay No time was lost in establishing direct office contacts between the individual _ ich on 


4 members of the PRA | Group and their counterparts i in the Department of Roads — 

and Bridges of the Ministry. Fortunately, the department was able to =. 
English-speaking Turkish engineers as liaison men to reduce the language bar- Pe ee 

- The mémbers of the PRA Group were selected from the experienced per- 


the Public Roads and state highway departments 
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the United initial staff sectional assignments, o on in 
were: (1) Administration ; (2) personnel, finance, and accounting; (3) 7 4a 
» i and programming; g; (4) surveys and plans; (5) bridges; (6) materials; (7) con- 
struction; (8) equipment; and (9) maintenance. The characteristic cordiality — 4 , 
of the Turkish technicians eased a difficult first-stage development of mutual © ] 
understanding by frequent conferences; and, , at the end of the first two weeks = 
a well-defined outline had been prepared looking forward to the epeniog, in 


an of the 1948 maintenance, betterment, and construction season. son, feu & 


“Tar Pusuc Roaps ANALYSIS OF THE SrrvaTion 

The major objective in administration was to prepare a well-rounded ‘report 


“on the Turkish highway situation. . As a result of inspection | trips i in the field — 
fs ering some 2 2,000 of the primary highw: ays sand through conferences with 


‘Deputies, facts v w vere arranged so that by Is late February, 1948, a report on the - 
y situation was completed by the PRA Group | and transmitted _ 


— 


gradually lead to*an accelerated schedule. 


__ The report recommended the creation of an autonomous Department of | 


_ In addition, the report recommended the creation of a highway fund in the — 7 : 
Ministry of Finance to receive all funds available for the use of the Department 
of Highways. It analyzed all present and potential sources of revenue, both — 
for a national system and for a provincial system of highways, and suggested — 
w policies for the control of the use of funds from such sources . Appropriations — 
\ _by the General Assembly were to be earmarked | for routine maintenance of the 
"national system and for its betterment and construction. 


collected on motor vehicles and their accessories, fuels, ond lubricants would be val 


maintenance and recommended the establishment of ten 


= 


for the registration operation of motor vehicles and crea- 
tion of a ton- mile tax for haulers registered as ‘such with 
_ The report showed that, if its recommendations had been in force in 1946, 
- there would have been available more th than 55,000,000 Turkish li liras for the 
~ national highw ays and 15, 500, 000 liras for the provincial systems, which could 
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policing traffic on the national] system. fund, if collected 
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reporting directly to the Minister of Public Works. It called for three staff 
a 
— { 
— 
— 
ff as It recommended the establishment of a national system of licensing of operators — 4 
— 


Oe 


* roads in good condition and 7, 800 km of passable macadam roads. 5 On much of 


- the e passable -macadam, a sf speed of only : about 25 km per hr could be ‘maintained. 
Thus, it could be concluded that the national system should consist ultimately 
4 4 of s almost 35, 000 km of arterial routes connecting all major centers of population. Lae 
nie if Stage construction was recommended to secure, at reasonable cost, the 
< q ; maximum mileage of two-lane, all-weather roads with adequate bridges. 

(3 Leanne needs indicated that stabilized soil, ‘gravel, or macadam surfaces es should — 


used in all and grading particularly in consolidating fills 
gy in using stabilized subbases. After consolidation by traffic, and as the 


need deve eloped, existing surfaces be given bituminous-surface treat- = 
ments, to be followed later by plant or road-mixed bituminous surfaces. To — 


lessen right-of-way difficulties in future years, it was recommended that the tid 


available controlled width of rights of way on all rural national highways be at aoe 
least 35 m, that at entrances to municipalities it should be at least 55 m, and — 
that no new buildings should be permitted within those co | 
ea: The activities of the Planning and Programming Section of the Design and 
~ Research Division of the Department of Roads and Bridges were initiated at 
once. The cardinal principle adopted was that all work should be pointed 
= toward an analysis of the economics of the rail, highway, water, and air trans- _ a 
"portation i in Turkey, with the ultimate aim of logically coordinating these four : = 
systems from both civil and national security v view wpoints. Other studies 


te (a) A physical field inventory of all national highways and d bridges, including ss 


all adjacent culture, started and finished in 

pet (0) A traffic survey, planned and completed i in 1948, to determine volume, — 
‘classification, weight, physical dimensions, and origin ‘and destination of all i, 
using the national system of highways; and __ a 


= 


a — (©) Financial studies, amplified to include all sources of highway revenue = 


a and the the probable impact of these revenues on the he entire Turkish economy. — 


ie urge ‘arranging | the ‘programs for 1948 on the national system, the policy de- 
a “termined was that t the major part be on a pay-as-you-go | basis with emphasis on » 


the extension of routine qereeaben betterments, on the e extension of two- 
% 4 surveys and plans for roads, although bridge plans were prepared by the staff. >. 
It was recommended that department forces should make all surveys and plans aA; 
and that they should proceed aggressively with the preparation of a reel of = 


| | diate improvement by betterment ti be con sidered for imme- 
é outine maintenance, largely in accord- i 
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careful trai practi- 

the construction materials used. A complete physical and chemical testing © 

laboratory was ordered and immediate steps were taken to establish standards _ 
r studying, testing, and coordinating the use of materials. 
_ Recommendations for roadway design were based on the fundamental con- 
dition that road standards, vehicle registration, and vehicle taxation must be i in 


ar fair balance. - Taxation should be at reasonable rates because the returns would a 
result in transportation at lower cost and thus would warrant more material — 
_ expenditures for maintenance, betterments, and new construction as the i 

proved mileage increased. Said “ies | an Inewn 


- To meet the national highway system requirements for the foreseeable 
r future, designs for alinement, grade, cross section, and surfacing should >. 
_ premised on fast-moving motorized traffic. . The minimum standards recom- _ 
_ mended were based 0 on estimated operating speeds for flat, rolling, and mountain- 
ous topography. Design speeds were 75 km per hr, 60 km per hr, and 5 | 
- km per hr. The sharpest curvatures were to be 6°, 10°, and 20° and the maxi- 
mum grades were ere to be. 4%, 8%, and 10% (for a inibiiansat distance of 300 m in 
7 one continuous section). Minimum sight distances were to be 125 m, 100 m, 
and 70 m for both vertical and horizontal curves. — . The minimum width of all- 
a weather surfacing w was | to be 6 m, with suitable increases at curves and on the 
more heavily traveled routes, and the minimum width of roadbed was to be 9 m. oy 
cof Bridges were to have a clear width of roadway of at least 7m anda minimum — 


- “2 vertical clearance of 4.25 m. | ‘The standard loading was to be 13.6-metric-ton 


trucks suitably spaced. For design purposes, 4,100-kg pneumatic-tired wheel =. 


loads were to be used. The wheel load was to be considered as half the axle load. 
It was that -continuin: g studies be made of all e engineering 
A that apply to various phases of highway design, maintenance, and 
ia construction and that ec coordination be established i in all operating | divisions by 
the continued issuance of memoranda covering engineering standards. 
In developing standards for contract work, definite recommendations were — 
, & pb largely in consonance with American highway practice: For control by 
_ the engineering section, for prequalification of contractors, for filing of job plans 
_ by contractors indicating staff and equipment, , and for verification of on 5 


ici d to 
ersonnel policies and to €s- aa. ‘ 
articular emphasis was given to be filled by candidates on a career 
2  tablishing a classified list of positions = turnover in employment of technical 
is, thus p ting the former excessive , that te, 
8 preventing d be adopted, tha 
at a new acco 
personnel. It was divided into control sections about 100 km long 
— the national highway system | be = 
= st nd road life data for use in future 
a Gesigned to permit the to be arranged for easy distri 
ming. The system was to be 
budgeting and program ntrol sections and by purpose of expenditure. 
bution of by ied by the Ministry of Public Works during the 
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a In the interest of highway safety, it was recommended that a Committee — 

+ Safety be formed with the Commissioner of Highways as as chairman and 
-ineluding as members representatives of the Ministry of Finance, Ministry of 
_ _Edueation, and Ministry of Police. This committee should establish a traffic — 

_ bureau to be operated by the Ministry of of Police and staffed by specially trained © ‘ 
q personnel, and should immediately sponsor the | preparation of a manual on 


thing preview of the cooperative ve activities prompts the query as to 


what was accomplished by the sixteen men engaged in administrative nd 
engineering duties and by the eleven equipment instructors and operators during 


ment of Roads and Bridges and a a 


be _ Administratively, the chief of the Department of Roa 


three deputies organized the department along the lines suggested in the report!” ia 
= basic highway law was prepared and approved by the Council of Ministers _ 


oof the Turkish government, for submission to the General ‘Assembly i in Novem- q 
_ ber, 1949. This law creates an autonomous department with continuity of } om 
financing as suggested i in the report. eT 
5 ae further detailed and enlarged | economic ¢ report was 8 prepared, the e agenda ~ 
_ being kept up to date by the Planning Division. This report was helpful i in _— 
«Giving the detailed information needed by the ‘Turkish government when 
a cares to the Economic Cooperation Administration of the United States for — 1 
Joan of $5,000,000 which would make possible the purchase of additional Ameri- _ 
g can equipment and pay administrative expenses. This loan was approved. _ 


‘The highway budget for 1948 was 38,000,000 liras. The budget approved 4 

7 a Study of the personnel, financial, and accounting procedures of the ~ it 
partment of Highws ays has been continued. Changes were made gradually but +3 


the complete read could not be into effect after the 


‘= 


engineers analysts. A study was ming Divisio and approved a 
a national highway system of more than 20,000 km. _ Maps were made for a $5, Pa 
suggested integrated system of provincial roads of about 21,800 km, ‘to be ae 
submitted to the provincial governments for their consideration. It is ~ 
- timated that the national system ultimately will be about 35,000 km long. pee 
yg _ A physical inventory of the national system was completed and a prelimin-— uN 
ary traffic survey was made in 1948 to determine volume, classification, weight, ee : 


“origin and destination, and commodities carried. The commodity classification 
was that of the Turkish Railway Administration. During the fall of 1949, 
three inventory parties and four traffic survey ratios were in the field working 


$ 


diverse field and office studies should be in solving the: eco- 
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country of such rough topography with such diverse living standards and — 


The PRA Group 1 received. and cordial cooperation from all depart- 
rs ments of the ministries of Public Works, Agriculture, Finance, Economics, and 
Transportation. Many technical studies were available in in the universities and — 

the technical schools of Istanbul. fundamental and 


av available. Many comple 


or 
development, and power development resources. 
_ The w wig of the Division of Surveys and Plans was organized in accordance 


‘ae in the United States. Both field and office procedures were new j 
to the Turks and courses of instruction were necessary. . Late in in 1949, ae 
- Department of Roads and Bridges had twe enty-one survey parties in the field 
and tw wenty engineers in the central office section of the Division of Surveys a 4 
Plans. Modern | American equipment is used. During 1948, complete field . 4 
surv eys were made on 450 km, center lines were established on 694 km scheduled _ Al 
betterment work, and contract drawings were made or checked on 228km 


ot The Bridge Division largely concerned. itself mith. designs for the most 
important structures. It was reorganized to deal with all types with emphasis _ 
on relativ ely simple b bridges such as steel pile bents, with creosoted timber decks, | 


and on | designs for masonry and concrete culverts. The ; preliminary | estimates 


m for the first 35-m bridge. The steel cai came 1e from the Turkish | 
_ Karabuk Steel Mills, the timber from the Turkish Forest Service, and the- 7 
od "A crawler- ty pe ¢ crane was equipped as a pile driver, the leads, hammers, and _ 
jigs being designed and assembled locally by the Turks under the advice of the — 
bridge | engineer | of the PRA Group. The firs first bridge was completed in seven 
weeks. by a trained Turkish bridge gang. Other bridge gangs then were 
organized. All cranes, compressors, welders, and miscellaneous items were of 
_ American | manufacture but the pile | leads, hammers, boom extensions, jigs, ,and 
__‘The first reinforced-concrete to Turkey, presented a problem. 
All | manufactured materials fc for construction are in limited supply. — Portland P a 
cement, for instance, is rationed on a priority basis and crushed stone is difficult a 


in the Ministry Building at Ankara. _ A training program in laboratory and 


routine functions and tests. Local gravel and quarry sites are investigated, 


ndard tests are initiated on other materials of construction. 


‘The physical testing laboratory furnished under the program was installed " 7 


field procedures was inaugurated in December, 1947. The soils and bituminous “e A 
and concrete sections, using ‘Turkish personnel perform all necessary 


the bituminous materials of Eastern Turkey are tested, soils are studied, ,and 
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_ The Construction Division, as reorganized, directed the construction Z 


= central machine shops during 1948 and had the added responsibility of 


The adaptability of the Turkish worker and mechanic has been an oe 


revamping specifications and contract forms and methods, with particular 
emphasis on cost records. The division, for first ‘handled field engi- 


install new equipment purchased under Economic Cooperation Administration 
: financing. For the first time, winter overhaul of all construction and main- — 
tenance equipment is possible. Many capable Turkish contractors, experienced | 
in railroad construction, have become interested in the highway field. Because 
of world conditions, they have been forced to use hand methods.  Nowconstruc- ares 
ee equipment can be imported to expedite and thus make possible more work % 
—at lower prices. There has been excellent cooperation with Turkish con- Ss : 
tractors on the work already undertaken. One Turkish engineer reported that 
the cost of projects built with American ¢ equipment was from 40% to 55% lower - 
_ than the cost of similar projects built by the old hand-labor and team methods. — 
_ the Maintenance Division (office and field) the addition of mechanical 
equipment has forced a complete reorientation of ‘procedures. Any” change, 
; a perc must be effected gradually because in a primitive country training of ; 
- engineers and operators is gssential prior to the arrival | and the allocation of a 
equipment. It has been found that the rate of absorption of equipment has: to 
be given careful consideration so that it can be assigned for work immediately | _ = 
on arrival. For instance, was necessary | to train twelve complete 


aid i in the development of the program. Road drags and jigs of various kinds 
have been built in quantity from designs made on the ground by the PRA 
Group; and have and have their 


center at Iskenderun on the More than six hundred and 
_ operators completed the training course of about six weeks. During the first 
_ year, the trainees built a 6-km distribution route around the City of Iskenderun. “i 


The receiving ‘center includes shops, warehouses, - servicing stalls, storage 
; facilities, and a spare-parts warehouse. The layout is well arranged for prompt _ 


= and dispatch of equipment— for instance, six trucks can be serviced, q i 


oiled, and greased at once. The receipt, storage - in bins, and forwarding of 

_ spare parts is no easy task. It is necessary to translate the names of all items 
: _ into an old or a new Turkish word that will become standard nomenclature and 7 

that will be readily understood both by the sender and by the receiver. ‘The 


best American practices were taught and used. hes 
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e ae a “Point Four” project initiated in late 1947. — The Turks are a home-loving | 
a country-loving people. Their reactions on an active program for high- 
q ways has been surprisingly like ‘that of the average American and they are ‘- 
‘somewhat astounded by the rapidity with which their own engineers and work- 4 


men have been able to translate words into action. This assignment has ‘ 4 


a proved that, through close cooperation, the PRA Group and its Turkish associ- — 
ates in the Ministry of Public Works have proceeded to plan and carry outinthe | 


field a highway program fitted to the Turkish economy, which in the short time 4 


of nine years should open up a complementary form of motor transport that will — 
benefit the of all ane of the Turkish 
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"HUMAN ASPECTS OF MEXICAN IRRI IGA 
By ANTONIO RODRIGUEZ LANGONE* 
_ When more than 90% ofa country is ; deficient i in natural water for agricul 


* ture » When | arable land is badly needed, and when private financing is inade- 
iz quate or undesirable, the state must thealder. the national burden. . Mexico i is 
doing just this, making great progress, especially since 1926. Legislation 
meet local n needs has been continually | revised, particularly to benefit the ‘smaller he 
landowner, but at the same time to the uneconomical farm of less 
than 5 hectares. _ The government runs the large projects; and the water users, _ 
the smaller ones, adjusting water distribution and canal maintenance to meet es. 
] local needs. Continuous repayment of develop pment costs by landowners isa — 
_ basic policy. Industry as well as agriculture has been greatly benefited, and 


Way Irrication Is Essential Mexico 
er Most of Mexico needs irrigation. _ About: 93% of its surface i is arid or semi- 


arid—that is is, rainfall is not sufficient for the. grow th of « crops. The 


and physical aspects can be divided into three great regions— 


The Zone: In this | zone ‘soils and topography are Siverable 


the growth of erops. Rivers are mostly torrential in character; Sut 
The Central Plateau: This area is not suitable for e3 extensive agriculture 


since the valleys are small with rolling hills and most of the rivers and creeks are — win 


torrential. © _ Irregular and insufficient rainfall results i in uncertain | crop yields; x 
a _©) The e Atlantic and Pacific Coastal Plains: ‘These plains have excellent — 


conditions n need to be greatly improved in the southern part before serious — 
‘ 


-Norg.—Published in December, 1950, as No. and titles given are 
thoee i in effect when the paper was received for publication. 
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hectares 


66.5. 33.9 


# rom hydrological studies made by the Ministry of Hydraulic Resources of 


_ Mexico it appears that approximately 6, 800, 000 hectares (16, 800,000 acres) ¢ can 


_ The addition of an approximate area of 2,000,000 hectares (5,000,000 acres) ad 
- of land in the humid region where irrigation is not necessary gives a total of © 


| 


1,000,000 hectares (2,500,000 peste) more could be baa to the irrigable peti ; 


0 10, 000, 000 hectares (25, 000, 000 acres) of land with adequate water eapply As 4 


per inhabitant for a str of 25, 000, 000. A cropping ' area of 23,400 000 
hectares would mean a surface of 0.93 hectare per ink inhabitant (2.29) acres which 


7 lower than the area of 1.2 hectares (2.9 acres) per inhabitant with adequate — . 
Water supply in the United States. 


wi direst Ams oF Mexican IRRIGATION PoLicy pe 


Irrigation i is in Mexico not only because physical conditions re- 


rural population. In addition, it is one of the best methods of i improving the =f 
; Since water is scarce, very careful planning of irrigation projects is im- 
_ perative. Every drop of water available will be utilized in the proper tigation, 


the mcr masses but that the correct interpretation and management of the 2 
physical and human aspects _ involved and the adequate organization and 
a 7 even of the resulting irrigation districts constitute the f final purpose of it its 


this end projects sho be conceived and planned from 


Although irrigation has been practi 
ms &g a ment. Mexican lands can be roughly classified as follows (1 hectare = 0.404687 _ it 
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MEXICAN, IRRIGATION 
supplying the should be coordinated with the problem 
organising the community that is to settle the land 


Mexican Experience Under | 1926 I rrigation Law. —To obtain fair under- 
siti of Mexican experience in relation to settling irrigation districts, two | 
_ periods should be considered: The initial period covered by the 1926 inrigntion: ; 
* -and the present (1949) period operating under the law of December, 1946. . 
- On some of the irrigation projects constructed and developed during the Hw 
| ‘inital period, such as the Don Martin project (Fig. 1(a)) in the states of Coahuila a 
q - and Nuevo Leén and the Conchos River project in Chihuahua, the land | was 
& in the hands of a few large owners; and therefore it was possible to design an 
adequate system of secondary canals, drains, and roads. On other al an Sg 
4 ; where the land was greatly subdivided, like the Tula project in the State of 
Hidalgo, the secondary system of water distribution had to be adapted to 
very irregular and small holdings, 
By 1930 many of of the irrigation projects were ready for opening gand opera- 
tion. The | problem of. settling immediately arose. This enterprise, difficult 
in itself, was made even more troublesome because of inexperience. It was 7 - 
_ Recemmary to introduce measures which had not been tried and to issue | a series q 
of special rules. Some of these rules had to be tested in the field and adapted be kt 
to the social and economic conditions prevailing in the region—in every case _ 
- efforts were made to obtain the best results. All these ‘measures had, as was a 4 a 
to be expected, ‘aspects of both success and failure. 
Early settling at the Don Martin and Conchos | projects was rather slow; be os 
bs applicants seemed loath to settle the new irrigated lands. Later, however, in ¥% 


3 years or 3 years, the situation changed entirely; and, ever since, the demand 
’ _ for irrigated land has been so great that it cannot be met. ts 
Several ‘Forms of Contract.—The first type of contract drawn for settlers 
called “promise of sale” contract. Under this” kind of document the 
_ settler had to pay in advance 5% of the total value of the land and the re- 
‘mainder in twenty-five annuities with 4% interest to be computed on ~@ 


q unpaid balance. Original lack of demand for the irrigated land led the National _ . sie 


Irrigation Commission to think that poor prospective settlers could not afford 
| Therefore, in the same year, 1930, @ new type of contract was ¢ drawn, 
entitled “tenantry and promise of sale.” According to this a agreement the 
5 farmer would receive his allotment of land in the character of tenes fora 
= period of 3 years. After this period tl the contract would become a “promise | of 
gale” document obligating him to | pay for the land in 20 years with 4% interest 
a on the unpaid balance. . The results of this type of contract seemed Satisfactory 


In other irrigation districts which w were already : settled by original owners, , Hike 
. the Tula District in 1 the State of Hidalgo, no settling problems had to be solved. — 

Experience showed, by 1932, that: this policy’ for very rapid 


in serious abuses by: applicants and settlers. 
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Drastic changes were necessary geo §.§ 


4 

and strict slitting had to be issued specifying prerequisites for applicants, ae 
‘Settlers’ rights ae duties, and various other measures to obtain discipline 


try the property through tenants. 


) Homes i in Don Martin Coahuila and Nuevo Leén States’ 


Old Cottage in Lower Rio Bravo District, State of Tamaulipas ingen 9 


= 
Fie, 1- InnicaTion Has Improven Livine C Conprtions IN Mexico 


During three types of contract were established: The “cash 
the “sale type A, * and the “sale type BY "forms. A maximum area 
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MEXICAN 


value of the land and the remainder to be 


= no down payment; but the settler had | to turn over crops 
oe pay for 4% of the total land value every year plus operation charges. In both | 
> ypes A and B contracts no tenancy was permitted. 8B oa 
Ld Later on, after the operation of the irrigation districts was over to 
bi the National Agricultural Bank, a new type of contract was drawn up under 
¥ the title of “sale contract with mortgage security.” ot 
-? All these later er types of contract have been fairly satisfactory. A Still, ten- 


Settling Experience Under the 1946 I: rrigation Law—In the short 
_ since the 1946 law was issued, the results can hardly be analyzed accurately. — ae 
4 The law provides that original | landowners with more than 100 hectares have to E 2 - r 
subdivide the part of their property that exceeds this amount within a year of 
;. the official establishing of the district. In case they fail to comply they have to ye aM 
= the excess area to the federal government who will arrange for settlers. a 
- Although the construction of many irrigation districts—for example, the Laguna ie 
; District in the states of Coahuila and Durango, the Culiacan Districtin Sinaloa, a Pe 
the Lower San Juan River District, and the Lower Rio Bravo District—was _ — 
under the 1926 law, ‘operation, ettling, and repayment charges were 
Beer under the 1946 law. Some of the irrigation districts do not have 
problems since all the irrigated land is in the hands of either agrarians 
: The Lower San Juan River and the Lower Rio Bravo districts are fully oo 
“occupied. Settlers have been established on lands even before construction was 
finished, with permission to clear their farms and risk a cotton “temporal” 
-_ - crop. The Agrarian Department has also settled some of the land in the last — 
two mentioned districts with farmers from overcrowded regions like the State 
- @ Tlaxcala. In spite of original difficulties, abuses, and some speculation, 
land is substantially subdivided, | as shown by the following data: Out of ris 
; 574,127 hectares under cultivation in 1943, 336,113 hectares or 58.6% is in the — 
‘ hands of agrarian interests or settlers with holdings up to 10 hectares; 196, 098 
hectares or 34. 1% belongs to. settlers or owners of from 10 hectares to 20 
7 2 hectares; 32,739 hectares or 5.70% belongs: to settlers or owners of from 20 se 
hectares to 50 hectares and only 9,176 hectares or 1.6% represents holdings 
more than 50 hectares. — Iti is to be noted that 92.7% of the irrigated land is __ 
ay It has been stated that it takes three generations of farmers to settle 4 Re 
7 irrigated land. - This might even be true in Mexico, although, in various 
3 districts that were settled from 1930 to 1935, a good many original settlers still 
ahs 


To Im mprove e Settling Policy.—Settling regulations for new regions or districts. 


rh here integral development contemplated, like the Papaloapan 
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MEXICAN IRRIGATION 
of landowners who resell at very high. prices and 
thus reduce the settlers’ pay for ‘construction charges ca can be 


. True farmers are established as landowners. 


Uneconomical holdings « of less than 5 are readjust ted. 


GENERAL | OPERATION A MAINTENANCE ASPECTS 


oe term “operation” is used in Mexico in a very broad sense to mean the : 
"4 general managing of the irrigation district—including settling; distribution of | 

water; maintenance of channels, drains, service roads, and structures; as well as _ 
agronomical control. Operation in its true sense should include only water 
distribution, maintenance of irrigation ‘systems, and operation charges. q 
‘The National Irrigation Commission was in charge of operation until 1935 
when it was turned over to the National Agricultural Bank. By 1937, the 
_ commission began to operate ‘some districts where “ejidos” predominated — 
. i and in 1944 operation. by the . Commission wa: was reassumed in all irrigation 
{ districts . (The King of Spain granted lands called ‘“‘ejidos” to Indian villages 
and towns a a Mexico. © These lands could be used but could ‘not be ee 


aes _ granted other lands to him on similar terms.) Under the 1946 Irrigation cn : 


operation is entrusted to the Ministry of Agriculture. The Ministry of | 
Hydraulic Resources (formerly the National Irrigation Commission) is supposed — 
to turn over operation to the Ministry of Agriculture as soon as a unit is ready | 
j for water delivery. _ Operation by water users, — eventually will take com-— 
- ae Large irrigation districts are operated by the government, and water users | 
are being organized in such a way as to make it possible to turn over to them — 
lateral systems and eventually the whole district. Important structures like 
_ multiple-use reservoirs, diversion dams in some ‘cases, ‘and main canals in 
special cases, will be excepted and will always be controlled by the government. “i 
Since small irrigation projects are so ) humerous, it is seonomlnliy impenthie 
for | the government to operate them; ; and therefore they are turned over for 
_ operation to water users, with some special exceptions, as soon as construction 
is finished. 1. Regulations are established f for water distribution, and periodical — 
4 inspections wehedk: on the operation on and maintenance of the district. Beer oc 
We ater Distribution.—Water distribution is a very important item of opera- 


Rules for adequate water ‘distribution have been "issued since the 


beginning of the irrigation program. These regulations are modified as 
dicated by need or or by experience. . Since irrigation districts were established 
in 1930, regulations have set up water users’ associations that, a among other 
activities, assist the management to enforce \ water distribution Tules. 
Asa new development, administrative councils have been “organized 
— which water users and the proper authorities are represented. _ These councils 


formulate the | annual irrigation schedule an and discuss operation n charges and 


general matters in connection therewit 


_ 
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i tinuous service,” “rotation : among us users, ud “rotation a among beet canals” 


al and “free demand.” Service on demand was established at the 
only restrictions being that the district was authorized to deliver water in- 
_ accordance with crop needs and that a number of the water users had to ask 

for water in any lateral to obtain service. ae 
demand method resulted in serious inconvenience. Water was wasted 
- because it was necessary to maintain high head on delivery canals. Many 
people have to be employed to meet the demand requests; and, of course, 
simultaneous demands are hard to fulfill. Although it was planned asatransi- 


tory system, the demand method has been very difficult to ge neo 


_ It has been much easier to enforce good water dist 7 é 


districts like Don Martin (Fig. 1(a)), Conchos, or Lower San Juan where = 


former National Irrigation Commission had designed the subdivision. - On the ae 


other hand, where land was extensively subdivided into small and irregular _ 


oldings and where distribution laterals had to be laid out in connection with 


h 


asain for efficient L operation of irrigation districts. — Carelessness can result 


in serious ct crop losses or in endangering ; irrigation w works or even in failures of | 
canals and structures. A few aspects of this problem will serve as illustrations. 
__ Conduction losses in irrigation ditches have been observed i in Various . dis- 
— tricts. Preliminary data show percentage losses of from 1. 71% i in the Tij ijuana 
District (Fig. 2) to 50.08% in the Conchos District as observed during 1939 and 
1938, respectively—the Tijuana District being provided with conerete-lined- 


canals. ie The losses per | kilometer of canal al run fro from 0. 22% i in Tijuana to 1. 89% 
vin the east canal of Rio Mante District. 


_ Several methods have been followed for clearing irrigation ditches or 


eerie lines, scrapers, “fresnos,” and hand shovels all have been used 

depending on the size of the ‘canals and the regional | cost of labor. _ Another | af 
problem is the vegetation growth in the Conchos main canal. The capacity of by = 

_ the Conchos main canal has been reduced sometimes as much as 65%. This — 
_ canal was designed = a roughness coefficient n of 0.0225 and the laterals have 7 

: eens of 0.026. Because of the great growth of water weeds the coefficient — 7 
| has’ been as great as 0. 131. Chains have been used to fight the weeds but re- 
sults b have not been entirely satisfactory; disk harrows s combined with chains am 
have also been tried as was muddling the water with « clay y (although not ex & 
_tensively, since salts in the water made the clay coagulate). Commercial 


chemicals have been f found too ) expensive; and na naphtha emulsion has a 5 
vised but has not been tested. od alo ai watts, hain 
as Operation Charges.—Operation charges are collected on several bases: Per 
volume: of water used, per irrigated hectare (annually), and per hectare per times — 
irrigation. Although the volumetric charge i is perhaps the best tas 
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Social, economic, and disciplinary circumstances ‘it for 

some time to fix operation charges that would balance expenses. All efforts” 

made by the operating institutions have been aimed at gradually balancing the = 
a2 operation budget. Therefore, the National Irrigation Commission and the “a 
Ministry of have gradually increased charges, ‘to 


gov ernment’ 8 for is small.) 


| 


as 


Fre. 2.—Marw Unrrt or a Successrut Prosect, ABELARDO Dam, 


he From | experience thus far it can be concluded that all irrigation canals and 
structures should be very carefully observed, particularly f for 2 years or 3 years 
after operation is begun. _ A special sum should be set aside for maintainance 


this period and probably should be charged as “operation during con- 
a struction.” uf Close coordination should be established between the builders of _ 


systems and the people in charge of of operation, 4 


po of Cost.—If world- wide « experience in irrigation, particularly i in 
- United States and Mexico, is s analyzed, it is realized that early 


gain. Later on, private enterprise _tried, without ‘Success, to 
ard business purposes. irrigation is genera rally considered 


ie 3 _____ eollections since it promotes an economic use of water, it is not very widely — ; 
used because equipment is required for accurate measurement of the water 
— 
4 
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— | 
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omica conditions of rural masses and consequently te benefit the nation as a 

‘hole. Several account for this: this: Yo 


requires ‘the investment of enormous money. 
irect. total repayment is almost impossible, with the exception of some 
ay where a great quantity of hydroelectric power can a be Aen pou 
Capital in irrigation works does not pro 


From world-wide experience, , as related to Mexican demographic social, 
ol and ownership, and economic conditions, it can be concluded: pe tees 
Conclusion a does not hamper initiative—especially in cases 
of hydroelectric plants, individuai pumping projects, cooperative 
rural credit: companies, industry, and so fo! forth. 
be Private enterprises should be supervised by the state so that all hydro- — = 
or irrigation developments fit the national plan an¢ and also for the purpose 


For ¢ comparativ purposes sor some items of American repayment 
ae, . of cost of irrigation should be mentioned. Originally it was thought in the = 
‘United States that a 10-year term would be sufficient for repayment of charges 
signed to water users. | Soon it became evident that such a period was very, <- 

short. In 1914 terms were extended to 20 years; in 1924 terms were again y 
extended and other rules were issued to ease payment conditions; and in 1926 
the period for repayment was ‘made 40 years. According to John A. Widsoe, a a 
by 1922 only 10.9% of construction cost had been paid, although the punctu- © 


Rn Conditions seem to have improv wed according to a 1947 publication of the 

- Bureau of Reclamation,? United States Department of the Interior, which indi- a 

cates that 94% of the total investment can be repaid; and of this percentage — E, ~ 
21.6% corresponds to contracts signed by water users of irrigation projects a and * 
49.4% corresponds to contracts made with users of electrical energy. ~— ter Se 
hd _ Again, in Mexico, experience concerning repayment or irrigation costs is e 
_ divided into two periods—that under the 1926 Irrigation Law and that under . 

% the 1946 law. The 1926 law provided that landowners of areas with more a. 
150 hectares should pay the government for the irrigation charge with a part of te 
their land in such a way that they would retain an amount of irrigated land — ~ 

_ which | would have the same value as that of their ‘original total property pre- 

: ery to irrigation. For owners of less than 150 hectares the same law provided a 


4 


; "How Reclamation Pays,” Bureau of Reclamation, U. +. gton, D 
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: | 3. Private enterprise would have to plan irrigation systems to fit definite © —— a 
4 irposes whereas government projects are planned for multiple and integral 
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MEXICAN 
Because of a number of the impossibility 
of complying with the process established by the 1926 law (since strict en-— _ 
forcement of procedures would have meant a serious delay), only in exceptional 
cases was it possible to follow the legal procedure. Also much speculation took — 
place, particularly by original owners. Therefore it was necessary to buy — 
land a and, in extraordinary ins instances, to expropriate i it. As 8c soon as lands were — 
ready for settling, a selling price was fixed. ‘The | price r: ran from 60.00 pesos 
per hectare to 260.00 pesos per hectare to be ald annually with 4% interest on 


capital. Terms were from 20 years to 25 years. hey 
During this period irrigation “cost per hectare averaged from, 500.00 pesos 


per hectare, i in pesos: 


Prices for irrigated were actual cost but were graded 


aes 6. 


idea of settlers’ capability to meet obligations during the 
“74 period 0 of operation is presented i in Tables 1 and 2. , From the ons of Table 


“4 it can be concluded that, for this earlier period: 


& 


ye * It was almost impossible for - settlers to to pay 100% of the cost for holdings 


- 2m was possible for settlers to pay charges of from 200.00 pesos per hectare 
- F 300.00 pesos per hectare since annual costs would be from 1 12.80 pesos per 


By 1945, the 1935 charges were really | low if the increase > in crop values, shown 
by Table 2, is considered. Prices. for irrigated land were fixed for the Don 


TABLE 1.—SETTLERs’ RETuRns FOR wig -bellon, and Tijuana districts = 
IRRIGATION IN MExIco IN 1935 during the first period. By 
ee - 1943, 41.9% of amounts due for 

: ts Ling contracted lands had been re- 


P 


holding, =| _ procedures in relation 

With4% | Without to repayment of cost. It pro- 
interest | interest vided that owners of areas 


Ssgreater than 100 hectares must 


896.17 hi subdivide the excess within a 
the oficial pening: of 
failed, their excess land must q 

an fee generally smaller than the actual irrigation cost 
on lands remaining in the hands of original owners and on those sold to settlers — “q 
- by the government | or afi the original owners. a This fee i is | determined — 
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“irrigation repayment. fee. was afued for n new ene of the Conchos, Rio Culiacan, ‘ 
Bajo Rio Bravo, s and Bajo Rio San 
districts, Legal action mee been begun TABLE 2.—Increases IN THE 


The 1948 irrigation average 

from 500.00 "pesos per hectare to 700.00 

3 pesos per hectare. The average cost 


irrigation per hectare is about 1, 500.00 id 


to 46% of present average cost. 


m 1948 value of crops is given in Table 2. Pe 1935...| 162,266 Fiae1se 
554,214 | 349,024/533 


study to completed is com 1948...| 759,966 | 637,936,634 


es cerned with whether or not the irrigation __ @ Land in national irrigation, in hectares _ 
3 hectare = 0.404687 acre). ®Gross value in 
repayment charge should be agreed pesos per hectare (1.00 peso per hectare = 


together with the: water charge—that i 


would cover operation cost and construction charges « over a certain period of 
Because farmers recognize the necessity for storage works and because 
Pus publie.; funds are. limited, it has been possible to finance parts o of —_ 
_ systems like main canals or distribution systems by direct cooperation from the | 
farmers. In these cases water users either ‘sign contracts for repayment 
on 2-year of 3-year terms which can be ‘negotiated w with some e credit 
a7 institution, or they pledge themselves to buy bonds issued for the special _ 
i‘ purpose, - Water users can use these bonds to pay for for contracted 1 obligations dnt 


% 


a _ Rural Credit in Irrigation Districts —Although rural credit in irrigation 
_ districts is very important, the size and scope of this paper will only allow a 
8 


_ As soon as an irrigation project is opened for settling or for cultivation and — on 
when the lands’ already subdivided, agricultural, economical, and social 


site. als 


really starts, and complex problems begin to appear. Selection of 


settlers, rural population redistribution, organization of agricultural produc- pe 
tion, and choice of crops are among the important problems. Another is rural — 


ma According to the special characteristics of the ngration, problem, official a 
q banks have two different activities: One strictly as . @ financial institution, — 


although without: profit, and | the other as ‘manager ‘and supervisor r of. agricul 
7 _ tural plans. “Ejido” lands are attended to by the National Agrarian Credit 
‘Bank and the small holdings are served by the National Agricultural Bank. 
a Credit for special crops like sugar cane and cotton is extended i in many cases =i 


— 
=e e value of land. and 
inerea fe value of land, and 
al | especially because of the larmers’ capacity to meet ligations. Before the 
charge is officially fixed, the Ministry of Hydraulic Resources hears 
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Such credit unions, if properly managed, should finally the’ ‘rural credit 


Generat Resutts or Mexican 


% _ ‘From an agricultural point of view the 1949 increase of more than 1,000,000. 
i hectares and the addition of another 1,000,000 hectares within the succeeding — 
_ few years should cover the demand for agricultural products i in Mexico. © od Farm ; 


production values have been increased from 50% to perhaps” 100%. This 


Banned irrigation advance, besides s settling some half a million people, thus — 
; far has promoted the creation of industries (especially those related to agricul- — 


ig tural products) and has encouraged commercial activities. — Socially it has i im- 


‘ -— the living « conditions of many thousands of people and has helped redis- 


f th 1 ] 
tribute some 0 the rural ation abit 


Dave 


enterprises and banks. Private capital is also appropriated through 3 
official agricultural banks. In some cases like the Culiacan, Rio Yaqui 
(Big. 3), Rio Mayo, Rio Colorado, and Lower California districts, regional | 
dl credit unions have been organized, in which the farmers agg 
— 
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SUPERSONIC SOUNDING INSTRUMENTS 


By M. CALDWELL ASCE 


features of 1 various basic types of discussed, with 
the elements of echo sounder operation. The inherent: limitations of 
sounding are pointed out . with certain supporting data to enable s some e of the 
limitations t¢ to be determined ona quantitativ basis. ‘The t use of echo sounders 


a the same profile. made between ‘soundings « of a selected 
profile as obtained by echo sounders and by lead line, and the comparative — 


- 


~ 


— 


‘The desire to increase the rate of making seundines in hydrographic survey 
work has probably existed since men n first began to chart the navigable waters 
‘the earth. The first recorded suggestion that underwater soun 


- might be used for such a purpose was made by a French physicist, Dominique f 
¥ Frangois Jean Arago, in 1807. _ Although n numerous attempts wer ere made during _ 
the remainder of the century to evolve a method of measuring depths by sound 7 

2 waves, 100 years elapsed from the time of Arago before anyone was successful _ 
in perfecting even a crude echo ‘sounder. “4 These first successful developments — 
were made, strangely enough, not as echo ‘sounders but as iceberg detectors 


of following the sinking of the S. S. Titanic in 1912. 


| With the incidence of World War 1 and submarine warfare, knowledge of | 


“underwater acoustics was increasing rapidly and by 1925 eoveral forms of echo 


_ sounders had been put into use. One of the most promising developments, in a 
1925, -was a device that enabled extremely short time intervals t to be ‘measured — a 
accurately, ‘and to be converted. automatically toa depth measurement. This 
_ development adapted the echo sounder to shallow water hydrographic studies, 
and the feature was incorporated i in Fathometer model No. 312 by the United — 
States Coast and Geodetic Survey (USCGS). The No. 312 Fathometer 
still used on some ships of the USCGS aslateas 1941.00” 
ie of the principal users of echo sounders for hydrographic survey work ne 
‘<a the United States are the » Corps of Engineers, United States Department of = 


7 ~ Nore.—Published in December, 1950, as Proceedings-Separate No. 50. 
p: those in effect when the paper or discussion was received for puatention. . 
ie 1 Hydr. Engr., Beach Erosion Bd., Washington, D. C. Re... hey 
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Positions and titles given are 


: Army (USED), and the UscGs, the: former being concerned chiefly wit with ninland 
waters and the latter, with pias Fat waters. The remainder of this paper will be 


- devoted, for the most part, to the experiences of these two organizations with 


te There are at least twenty-five or thirty features of construction and « opera- 
tion which make one type of sounder different from another. However, three of y 
a, the most important features that identify a particular sounder are: (/) ‘The 
5 = or fixed instrument; (2) the visually indicating or recording instrument; ES 
(8) the frequency of the or used as the sound signal 
Po 
| about 200 lb and can be moved trews craft to craft with little difficulty. 7 The 
fixed installations are are much more massive (approximately 800 and are more 


less permanently mounted aboard a suitable survey craft. 


Visually I ndicating or Recording Instrument.—The indicating instruments 

giv e only a transient indication of depth and therefore require an attendant to os 

record the data. The recording instruments, on the other hand, furnish 
y 


‘permanent reco which is obviously advantageous in hydrographic s surve 
Most of the manufactured i in the United States are of the 


‘Frequency of the 8 Signal or Note Used As the Sound nd Signal. —If the sound 
is in the ordinary, 2 audible, musical range the instrument is considered to be 
al sonic sounder. | if the note is near the top or above the audible sound range 
(14, 000 cycles per sec or more), it is ad to be a & supersonic instrument. i: oa 
o ‘The advantages of the two frequency ran 


a - Briefly stated, the essential components of an echo sou: der are a signal 


generator, a signal transmitter, an echo receiver, ‘and an -amplifier-recorder. 


The first and last oom are frequently put in the same box and are referred to oe 
simply as the sounder. ‘The other two items are usually mounted together or 
a « near ar each other, and the ¢ combination i is called ‘ ‘the t transceiver.” ” The meal 
of operations i in obtaining a sounding is as follows: 
aa . The signal generator initiates by electronic n methods a short, ess strong, > 
electrical impulse which is sent to the signal transmitter. 
_The ‘signal transmitter, which is ‘mounted “underwater, converts th 
dectiical impulse to a mechanical vibration or sound wave which i is 
¢. The sound wave the bottom is reflected an echo 
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water. ee The receiver converts the echo into an electrical signal which is 


ed od) tot. le 


e. The electronic amplifier receives the signal and amplifies it sufficiently to 
make it discernible on a suitable indicator or recorder. 
i The indicator or recorder receives the signal from the amplifier, measures — 
. tek time elapsed from the generation of the sound signal to the return of the ' | 
, echo, converts this time interval to equivalent depth of water, and furnishes an 


- should be realized that the foregoing steps are repeated automatically by the 
‘instrument so that, in pe water, soundings may be taken at the rate of 100 


Several factors limit the application and accuracy of the instruments. For 
instance, the speed of the survey craft must be slow enough to avoid entraining ~ 
air under the bow which will find its way under the vessel. Air bubbles will 

a for orm a sound block and 1 may cause the record to show erroneous readings, or or to. 
or F wh Another limitation i is the angular size 

. Generally, the ‘sur- 


eo 


= 


CHARACTER OF 

depth: directly under the hull. 
- the sound signal sent out by the ana 
transmitter is in the form of a cone whose 
cycles per second | oT 

Ratio, central angle, a, varies with the radius, r, 
fecepth of the transmitter plate and the frequency 

of the sound signal. val value can be cal- 

"alate from the formula: 


hartge Diwenstons oF Souxp 


Gy 


= 


in which Li is the wave in of 
_ of the frequency is illustrated in Table 1, which is based on computations for a = 


sound transmitter plate 12 in. in diameter (= in sea water at 37°F, or in 


area scanned or covered by at any instant of about 
eight tenths of the depth of the water below the sound transmitter. by For i in- ~ 
stance, if the depth below the transmitter is 20 ft, the area being scanned : 
the sound ¢ cone | has a diameter of about 161 ft, and the instrument will indicate 
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about 16,000 cycles per sec for the sound signal, giving a wave length of 
_about 0.30 ft in fresh water at 65°F. If these values ar 
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ib fact it can be shown that the aforementioned sounder will indicate a depths Se! a 
_ approximately 6% less than the true depth at the junction of af flat bottom and my 
7 a 1:2} slope; under these conditions this difference amounts to an error of about 
bet ft in 20-ft depth of water. “This 6% error would be evident at all points over ™ 
‘ender of 12% al: slope. For higher s sound ‘signal frequencies, 
_ inherent error would tend to become less, whereas for lower.frequencies it would a peney 
tend to become somewhat greater. As an example, consider Fig. 1, in which 
: point E denotes an echo sounder having a a frequency « of 16,000 cycles per sec, and > oe 
which 0.5 ft. the true depth under the echo sounder i is line 
bottom is ED, the depth re- 
corded d by the echo sounder will ae +. 
be line EC, since this is the 
shortest distance to the bottom 
within the sound cone. 
Another limitation in the use 
of echo sounders is the strength 
7 of the echo necessary to enable fat eo 
the. -amplifier-recorder to detect 
the echo and give a usable record. by! 
When working in shallow water, 
5 say, less than 200 ft, , and over a se 
clean rock or sand bottom, a 
sharp, well-defined echo is re- 
turned to the surface. However, 
' ‘the top layers of an unconsolid- _ 
-_Recorpine sy Sounper 
such a faint echo that the sounder 1 may not detect this initial echo; instead the 7 . 
- sounder may detect, as the bottom, a point down in the material which has be- — a. ‘ 
come sufficiently consolidated to return a usable echo. complicate this pic- 
ture further, this discernible echo point can be shifted up or down, in some e cases, Seas 
byi increasing or decreasing the gain on the amplifier. _ Insuch cases the recorder — ee 
chart can be made to show a noticeable spread of depth when operating over a i: 
point simply by changing the a amplifier ¢ gain control. 
_ Another basic limitation in the operation of echo sounders i is the absorption 
a sound energy by the water. As a result of this absorption there is a limit 
to the depth to which the sounder can operate because of the loss of strength | 
of the sound signal and the echo. This factor 1 is of little concern in inland and 
work, however, as practically all sounders will work satisfactorily to 
_ depths of 500 ft or less. It is of real concern, of course, in charting the great 
_ ocean basins. In this connection, it should t be noted that the higher the fre- . 
the greater will be the of the sound by the water. 
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_ee ee in effect, controls the 1 upper limit of the frequency that is practi- 


Generally, the supersonic sounders are preferred because of the directional _ 


character of the sound beam and because of their relative freedom from the 
influence of random engine noises and similar 


‘The USCGS first used echo sounders i in 1923 when the surve ‘ship. Guide 


oh) to utilize portable sounders. | Iti is the basic sounding method used at present 


2.—*TRANSCEIVER” FoR PorTaBLE Ecuo MOUNTED ON A EY Boat OF THE 


that organization. Until 1939, all instruments “used by the USCGS had 
_ been of the indicating type. In 1939, a recording sounder of British manufac 
“tare was installed on one of its ships, and the popularity of the recording type 
increased rapidly since that time. Sunder in the early 1030's and 


part of the work of the USED i is with the aid of super- 
“si sonic echo sounders operating 2 at frequencies of the order of 15,000 cycles per sec. — 
The portable recording sounder is in general use in the USED because it is best 
- adapted to the wide variety of hydrographic work to which any survey crew 
may be e assigned from time to time. Fig. 2 shows an installation of a — 
sounder transceiver on a USED craft; the is during 
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SUPERSONIC 
has met with immediate acceptance by those engaged in hydrographic survey — Lege 
~ work. | Like m« most new instruments and methods, the sounder has had to earn 
its. way into widespread acceptance. “Some opposition w was justified, 
pally because of various imperfections and limitations in the earlier models; = - 
yet, part of the opposition was more of a-personal reluctance to adopt the new, — 


3 rather than any coldly logical objection. _ When it is remembered that, Saori r 


the introduction of the echo sounder, the techniques of hydrographic survey 
tle had been more or less stabilised for many years, some of the objections bd 
_ that arose to the use of the sounder are understandable. These older techniques _ 

o of the sounding line and the sounding pole were simple and well established, the Ge : 

mS survey crews understood them, and the members of the crew felt well qualified 
and relatively secure in their jobs. When suddenly confronted with a com- fs 
_ plicated, electrical device with vacuum tubes, pigtail resistances, and condensers — 
the members of the survey crew suddenly felt. themselves unqualified and in- 
secure. Thus, when the new echo sounder broke down or showed evidence of ee 


ving an erroneous set of soundings, the crew was all too ready to condemn it 


as a waste of time and to return to using the lead line. Stewie De iz 
Another objection to the echo sounder has come from the 
ia by the USED. In a significant majority of dredging contracts made 
since 1935 the scabies have insisted that payment for yardage removed be 
_ made on the basis of lead line soundings as opposed to echo soundings. This. 


prejudice is gradually being overcome as experience shows that a properly 


¢ operated sounder will give a fair and representative pen of the hydrography. 


and by deep-sea fleets for schools of fish. Its use as a 
- navigation and fishing aid requires a lower degree of accuracy than does the ; 
hydrographic survey work. Since commercial craft interested in tl the = 
from a fishing and navigational standpoint a are much more numerous than eS 
hydrographic survey parties, it is only natural that the manufacturers have 


been inclined t to build an an instrument commercial 


resulted in the production of sounders very ell to 
Assuming that a fairly skilled operator i is ‘employed, , the s supersonic sounders 
=e being used by the USED are rated as having an accuracy of + 61 in. 


a at a 50-ft depth for the portable model, and + 3 in. at a 50-ft depth for ~ie 4 
-— nonportable or fixed model. It should be noted that the accuracy is stated i 7 
Be at 50 ft and not asa percentage, because s some errors in sounder vary 
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the accuracy and dependability of echo sounder r equipment as 


A into three ass we classifications, . according to whether the sounder is operated 
over: (1) Sandy bottoms; (2) sandy beaches in wave action; or soft mud 


Operation Over Sandy Bottoms.—Ordinary sand bottoms present an 
excellent reflecting surface to the sound wave in that. they send a sharp, clear 


4 


—Ecuo SounpER Recon um BorroM, WITH No Wave 


; tions is limited only by the stability of the speed control on the di ihe 


and the proper assessment of the speed of sound through the underlying water. 4 


Tables are available which show the variation of sound speed with temperature a ; 
and salinity ager enables the proper adjustment or correction to be made fable 


these variables. — The speed controls on the instruments are fairly reliable 
- although some improvement could probably be made on this feature. ih ing 
i In practice, the accuracy of an instrument is checked periodically during 
fe Dia the day by a check bar suspended at a known depth below the sounder or by a 
ae a carefully obtained lead line sounding on 2 on a firm bottom. A As stated previously, 
yy the portable sounders used by the USED are rated at + 6 in. in 50 ft of water . 
whereas the more expensive fixed types s are rated at at + 3 in. in 5 50 ft of water. 7 
‘Fig. 3 is an example of a record taken o7 over a firm, s sand bottom with no sal 


_ For the most part, the accuracy of the echo sounder under these conditions q 
4 is accepted by all users. | The USCGS has used them almost exclusiv ely : since : 


_ before 1935 and uses lead line soundings only to detect any gross misadjustment 2 


Operation Over Sandy Beaches in Wave Action—In connection with 


hydrographic study at Long Branch, N. J., the Beach Erosion Board sounded a> 
‘series of points from an amphibious truck using both a lead line and a portable 
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pre sounder. The soundings were with the moving into 
a with minimum headway, and a “‘fix’”’ was burned on the chart at the instant the | 


dead line was read for depth. ‘The waves were  Funning about 3 ft high at. the 
TABLE 2.— or SounDER AND Leap Ling 
Over Sanpy (PoRTABLE SOUNDER AND ORDINARY LEAD 
5 46 Fr | 20Pr7020 Fr | Fr | 40 Frvo49 Fr. 


a 


Total of 

Differenc 
Average of 
Differences 


No. of 
Soundin 
Soundings 


Deeper than by lead we, 

” Shallower than by lead line. 
_ Identical with lead line... 


4 bee dete, A total of 37 soundings i in , depths of from 15 ft to 46 ft were taken; a 


Po comparison of the soundings by the two methods is given in Table 2. This a Ba. 


i table indicates that differences of approximately 0.3 ft can be expected between, ff 


a 
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.—Ecuo Oven Sanp WITH 3-Fr Surrace Waves; 
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ninus differences so nearly balanced over the set of observations that the aver-_ 
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T the depth on the comparison, the data in Table 2 also 
show a comparison of these soundings in certain ranges of depth (from 20 ft to 
oa. ve 30 ft, from 30 ft to 40 ft, and from 40 ft to 50 ft). The breakdown showed n | 


; significant difference from the over-all picture discussed in the preceding pa para- 
- 4 fe graph, the expected difference on each cast being in the order of fromO0.3ftto 
. ie 0.4 ft, the average difference being in the order of from 0.1 ft or less. jim 


Se recognized that this analysis was based on only 37 soundings, approxi- 
_ mately half of which were made on one day and the other half on the next day. 4 
_ However, as no extraordinary care was taken in making the simultaneous sound- — ad 
_ ings, it is believed that they are representative of the results that ; might be | 
expected. In interpreting the sounder records, the Beach Erosion Board 4 
a line one half or one third the way between the troughs and crests, depending = Zs 
aa on the wave conditions; this line is then used as the bottom profile. en ae ae 
mine is to be noted that the descrepancies between the lead line : and echo: - 
sounder results have been designated as differences and not errors. it is 4 


permit more accurate e readings with the survey b boat at higher 
because the problem of plumbing the line does not enter the picture.. Also, the 


P ” record itself can be interpreted easily to compensate for the rise and fall of the a 3 


a) _ survey boat with the e passage of the e wave crests; this is not possible with isolated = 

: a oat _ An echo sounder record taken from an amphibious truck operating — a q 


fir firm sand bottom, in about 3-ft waves,isshownin Fig.4. 
a Binet ‘8. Operation Over Soft Mud Bottoms. —The strength and sharpness of te 

ie echo returned by the bottom depend on the relative speed of sound in the water a 
es and in the bottom material. This speed difference is relatively great betw een t 
Tock, sand or gravel, and water; and a sharp, forceful echo is reflected from such q 


io 3 "bottoms. _& well-consolidated mud bottom will also return a sharp, forceful 
Cs echo; however, the various gradations of mud bottoms, from very liquid muds tg 
in suspension to the well- -consolidated be bottoms, another 
Aa picture. A ‘comprehensive testing of echo sounders over mud bottoms was made 
in 1941 by the Philadelphia (Pa.) District of the Corps of Engineers. aa 
The tidewater section of the Delaware River (from Philadelphia tc tothesea) 
oa isin effect a 4 great mud flat, the surface of which is being constantly | swept by 
§ fe ebb and flood of the tidal currents. The maintenance of the ship i 
Philadelphia to the sea involves continual dredging operations in, and 
surveys of, the channel. study of the bottom materials has shown that 
frequently a well-consolidated mud bottom exists which is in turn overlain by - 7a 
several feet of less dense mud in a semiliquid State, locally called “ “fluff.” 
determining the dredging requirements and quantities moved, an and 
consistent method of determining the bottom elevation is very desirable. 
ey test made on March 26, 1941, | by the Philadelphia | ‘District involved — 
among other things s a set of simultaneous soundings by lead line » and echo sound- - 
and a study of the density of samples of the mud at various 4 
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Average Departure = 0.37 Ft 


pm Average Depth (Feet) 
Stopy or Derarrore oF Inprvipvat, SoUNDINGS FROM THR 


or Att ComparaBLe Sounpines Over Mup Borrom 


urrent Velocity, in 


anc 


. Echo Sounder Soft Bottom ; 


Leadsman 


¥ 


> 


ite 


~Echo Sounder Firm Bottom | 


— 
an 
co 
ee 
— 
— 
— 
or VeLociry CurrReNTs ON AveraGe SounpINGs OVER AN AREA OF 1 "4 


‘taking the lead line soundings, two leadsmen using a 10- 
oa were employed, and they alternately sounded the same range : (one, 5 times 
and one, 6 times) over a period of 83 hours. Concurrently, the same range 
was sounded by an echo sounder 33 times - The results of the soundings were oe 
averaged and the profiles resulting from the two methods were compared; this a 
4; comparison is shown in Fig. 5. It is to be noted that over part of the area the Pr 
— echo sounder indicated a double bottom, the two being approximately 4 — 
apart. Ne In other sections of the profile, only one bottom was indicated by the 
I eg A study of Fig. 5 shows that the lead line was not consistent i in its} indication 
depth to firm bottom. Ove er r the. east side of ‘the range, where the “echo 
sounder indicated a single, fairly firm bottom, the lead sank into the bottom — ey | ia 


— Note: Depth Finder Showed 33.6 Ft Depth 


4 


eo Dredging (Sept. 4 1941) 


(Station 187+650), DeLawaRE Riven 


on an average of about 1 ft. On the west side of the channel where a double iS 
bottom was indicated by the echo sounder, the lead sank into the upper bottom ax 
- generally from 1} ft to 2 ft and was still 1 ft or 2 ft above the lower and( firmer) ae: 


The the lead line soundings over the east half of ‘the channel 
. _ where a fairly firm mud bottom was: found shows a personal factor to bei in 
evidence in that leadsman A consistently found less depth than leadsman B; Pam 
_ over the entire period the average difference was about 0.65 ft, the difference s 
being about 0.3 ft at slack water and 1.0 ft at strength of current. - Phis varia- 
tion with current strength indicated that the bowing of the sounding line was _ 
z definitely a factor in the accuracy of the lead line soundings. On the other 4 4} 
4 hand, oe echo sounder i is free from this influence. This i is shown i in Fig. 6, in eae 
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SUPERSONIC SOUNDING 


are plotted. At each point the soundings represent the’a “average depth over 
¥ easterly 400 ft of the profile. el Each plotted point on the curve, ‘‘ Mean Depth a 
by Depth Finder,” represents the average of three runs. oa bee 
Assuming the average profile indicated by the lead line soundings as a base, 
error for each lead line as caleulated summarized, 


Fie. 10.—Ecno Sounpzs Recorp, Rartran Rrver CHANNEL IN NEW 


T Asout 3 M Arter 


The average error was found to be 0.49 ft ov er the east side of the channel, 


= af Using the average echo sounder profile as a base, a similar analysis was made of 
the echo sounder record, and this analysis showed an average error of 0.37 ft. * 
The distribution of errors for both methods of sounding are shown in Fig. 7. — 
~ ——— analysis of the average lead line and echo sounder depths over the west. 
half of the channel (400 ft) where the double bottom was found is shown in Fig. 
8 The soft bottom area occurred from 80 ft to 350 ft west of the center line. 
The findings are in general similar to those shown in Fig. 6. 
project width of the Delaware Ship Channel is 800 ft. Over a 
“a of channel, uncompensated errors | of as low an order as 0.1 ft will | ahah aid 7 
an error in yardage computations of approximately 15,000 cu yd of material. — 
‘Thus, uncompensated errors of as little ‘ft assume importance in 
_ The lead line appears to have at least three inherent sources of error which | 
might introduce uncompensated errors of 0.1 ft or even much greater: (a) The 
bowing of the lead line due to the pressure of the currents; (6) an error in 
ws the instant the lead line becomes s plumb; ; and @t the e sinking of the lead a 


_by varying amountsin the soft bottom. j= | 


ee The echo sounder record is free from the influence of errors a and b but may — 


_ be subject to error in interpretation due to variations in the consistency of the 
of bottom material. A study of the bottom material in the Delaware River at a “a 
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‘point near the test sounding range, however, indicates that the ‘error in 1 the 
E sounder record should not be excessive from this cause in this area. F In studying 
_ bottom materials a set of bottom material samples was taken at progres- _ 
3 sively i increasing depths from the relatively clear top water, down through ie 
iz fluff, and on down to the firm bottom, the fluff being about 10 ft thick in this 
area. A plot of the analysis « of these samples is shown in Fig. 9. This plate 
shows two curves, one taken during dredging operations in the area a and the 
other 10 days after dredging had been completed in the area. — Both: curves 
show a rather pronounced | upper level of the fluff where the density, changes 
abruptly from that of clear water at 62.4 lb | per cu ft to about 66.5 lb. per cu ft i in 
4 about a 0.4-ft change in depth. The increase in density over the next 10 ft or 80 a» ie : 
is essentially ‘uniform, reaching about 74 Ib per cu ft immediately above the ?— 
- firm bottom. — ‘The firm bottom material below 46 ft was found to have a density — 
_ approximately 92 Ib per cu { ft. _ These well- -defined i increases in density at the 


interface between the clear water and the top of the fluff and at the interface. oe a 
bets between the bottom of the fluff and the relatively firm bottom, of course, are “a 


q 


4 echo sounder rth 


conditions i in the 1e Delaware River in the area in which the observations ay 


- made, it is s believed reasonable to assume that the findings m might have a degree a 7 
application to other areas with soft bottoms. s. However, under ‘conditions — 
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wll be justified to determine the true the sounder record. 4 
For instance, silting resulting from | flocculation at the interface between fresh 4 
is a water and sea water might exhibit significantly different density characteristics, — 
ne as s might silt settling i in a large reserv oir where it it was relativ ely undisturbed by 
> waves and strong currents. _ The observations at Deepwater Point were a | 7 


in the tidal part of the Delaware but upstream from the influence of the a é 


[te Echo sounder records from the Raritan River, New Jersey, near New York 


F Harbor, are shown in Fig. 10. The silt in this area was freshly deposited over . 
ae recent ‘dredge cut and the line of demarcation can be clearly seen. The solid 
“i bottom of the dredged channel is shown at a , depth: of about 30 ft, overlain by £ 
_ the more recent deposit of silt. | ‘Fig. 11 shows a record furnished by the USCGS 4 q 
_ taken i in Clear Lake, California. Here the silt has accumulated rather slowly, a) 
although two definite laye ers are indicated. ‘Fig. 11 also indicates the effect of 
_ amplifier-gain setting on a determination of the bottom from echo sounder — 4g 
_* charts in this type of silt; in this case the topmost ayer of silt was detected only ol 
Echo sounders are now generally ‘nthented in the field of hydrographic 
surveying as tools that promote accurate and rapid ¢ coverage of the survey area. ‘< 
~ Certain limitations in accuracy and application are present which should be 
sh understood by the user. f The use of echo sounders 0 over areas with steep side 
“J slopes or soft mud bottoms may require careful interpretation of the record to 4 


, _ _ determine the significance and magnitude of certain features of the record which _ 
moe might otherwise be interpreted incorrectly. “Supersonic frequency sounders 


= are preferred to those operating at so sonic ¢ frequencies because of better definition — 


i of the bottom resulting from a smaller sound cone and because 9 | an q 
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With Discussion By Messrs. Earu E. SANDERSON | AND L. C. Gorrscu ALK 


a Measurements of the volume of sediment in reservoirs provide a basis for 
determining the extent of sedimentation damages, for periodically correcting 


4 of watershed ‘and climatic | factors or on rates es of production from water- 
sheds, and for developing sediment production indexes useful in the =. 


of reservoirs. Sediment volumes may be determined by comparison of of original 
contour maps with maps showing the present. ent topography of the sediment 
- surface or by direct measurement of sediment thicknesses. - Two methods of 
survey are used by the Soil Conservation Service (SCS), United States eo 
ment of Agriculture—the ‘contour method and the range ‘method. | Water 


depths are measured by use of a lead line, sounding pole, or echo ‘sounder, 


i Sediment thicknesses are determined by use of a spud, sounding pole, or s soi! 
auger. ‘The ‘specific weight of sediment is determined in ‘conjunction with 


reservoir sedigentation surveys. Water capacities and sediment volumes | are 
‘computed { for contour surveys by a /a modified prismoidal formula and for range 

mrveye by the Dobson prismoidal formula, 


need for sedimentation, data in design control and utiliza- an 


tion projects has been so prominently emphasized in the past few years that ae 


‘it needs no further discussion. in this paper. - Slowly, but surely, much needed _ 
data are accumu ulating on rates of sediment production from drainage basins. 


_-‘The time has come when the emphasis should not be on why surveys ‘should 
be made but on how and where such ‘surveys are to be made, Several sci- ¥ 


organizations have to study. the problem 
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“Nore. —Published in 1951, as No. 56. Positions and titles given are 
in effect when the paper or discussion was received for peblicatiog 


1 Head, Sedimentation Section, Soil Conservation Service, 8. of Agri., D.C. 
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an techniques. The ASCE Joint Committee on Sedimentation i in Reservoirs 
is anexample. In general, there is a need for standardizing methods of making © 
"reservoir sedimentation surveys so that the results obtained by various federal — 


and state agencies are are comparable and us useful to all. The methods described “ 
in this paper are those era and used by the SCS for surveying small — 


— general, the purpose of a reservoir sedimentation survey is to measure ~ 
= accumulated volume of sediment in 7 reservoir during the period of storage et 


record. This information is useful for: 


7S 1. Determining the prevailing and probable future sedimentation ines 


Periodically correcting the capacity curve to assure m more efficient 


Sarg 3. In combination w with similar data from other reservoirs and nd suspended : 
load measurements, « evaluating the effects. of watershed and climatic factors s 


on the rate of sedimentation; and 


Preparing regional sediment production indexes for de- 


a 
_-Feservoir, established by the SCS in 1934, ‘in connection ¥ with | a cutieniide 

study of reservoir sedimentation, with minor variations, are rather widely 
used today (1950). _ These pencodures have been adopted by various other — 
federal : and state e agencies engaged in reservoir sedimentation studies. — iy 
fore, a discussion of the ‘methods | developed by the to a large extent, 


development and have been adopted as standard byw other federal 
EQurpMentT FOR Water Sur ‘THICKNESSES 


General. —The volume of sediment in a reservoir may bie: ‘determined 4 


Nite it and the died capacity is a measure of the volume of sediment; and 

fn _b. By direct measurement of the volume of sediment deposits. eo shean 

The first method is satisfactory only where an accurate map of the original 


reservoir basin was made at or before closing of the dam. Such maps are 
and far between, on smaller and older reservoirs. 


data are enough for estimating sediment volume from the 


measured present capacity. It must be emphasized any error in the 
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= of sediment. he, the difference between the original 
capacity and the true original capacity may be small in terms of the total | 
capacity, i it may represent a sizable error in the estimated volume of ae. oe 
a reservoir if the sediment volume is small in comparison with the total 
Y Sounding.—No : matter what method is used for measuring the sediment os 
volume in a reserv oir, the present ‘capacity must be determined. This i is done ae 
by measuring the present water depths at representative points in the reservoir 
Pa and nd computing the volume in respect to the surface area. Water depths may ec 
be measured by lead- line : sounding, by use of a sounding pole, or by echo sound-— 
J ing. Only lead-line sounding and a sounding pole are used by the SCS — 
4 | Wire lin ‘small reservoirs. . Both wire and rope sounding lines are used. 


Wire lines are wound on manually- operated reels with to 


‘Bie. 1.—Sounpine Line Berne Cast wits Boat 1n Motion Fia. 2.—Sounina WEIGHT 

measure the length of line “paid out.’ ” Depths can be determined ‘accurately Ee 
to 0.1 ft by reading a counter on the apparatus, but the boat must be stopped 
to. obtain each depth reading. Rope sounding lines have been found <i 


- convenient to use than wire lines, mainly because soundings can be taken faster et 
q and because the 8CS does not have boats of its own on which sounding reels Pi. b 


cor core tiller rope, ry in. in to be the most satisfactory for 
_ because of the durability and the capability of such lines to maintain a constant “4 
. length. © Rope sounding lines are marked at 0.5-ft intervals, using a convenient © 
4 color system of markings for identifying the 0.5-ft, 1.0-ft, and 5.0-ft marks, a: od 7 
different 10-ft intervals up to 150 ft. Water depths are measured caatiae 
to 0.5 ft and estimated to the nearest 0.1 ft. In hand-line sounding, observa- 
i tions can be made for depths up to about 75 ft without stopping the boat (see a 
1). The weight is cast ahead of the boat and allowed to sink 
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»® : ft are too cumbersome to! handle from small boats. Sounding poles are marked | 


weight (see Fig. 2) is used for both sounding and hand-line sounding. 
A A 5-Ib all- aluminum is used for 100 ft a 9- Ib 


flat bottom prevents the weight from sinking too into soft 


reservoirs and has - used with considerable | success in determining sediment — 

thicknesses as well. 
‘ ceeding 30 ft. An eanaiey 1}-in.-diameter closet rod, obtainable in most sity 
- lumber yard, has been found to be satisfactory. A closet rod may be obtained 
in 20-ft lengths c or, more conveniently from the standpoint of transportability, 
. in 10-ft lengths that can be spliced together. Recently the SCS has developed 


steel pole constructed from lin., thin-wall: electrical 


7 
= 


in color using ; the same s) system of marking as ; that on the hand line. aver Py : 
_ Echo sounding is the most practical and economical method of measuring Y 
water depths, particularly on large bodies of water where it is not necessary to _ 
= direct sediment thickness $ measurements for the accurate determination | 


f sediment volumes. Echo sounding equipment consists of a transmitter _ 
which sends supersonic sound ¥ waves to the bottom and a receiver ser receives - 


transmitter to the bettenn. and return to the r receiver is a measure of ‘the depth. 
Continuous soundings are made as the boat travels along the water. Sounding ~ 
with echo sounders is faster and more accurate than sounding with lead line le 
and the results provide a continuous profile of the bottom. A skilled operator | 
is required to maintain and operate the equipment and its use requires boats — 
larger than those e ordinarily : found on small r reservoirs. Echo sounders are not 
- economical to use for surv eys which 1 require direct sediment thickness 1 measure- 
ments because the boat must be stopped for each measurement. Thus, ample — 


time is for measuring water with a line | and the for 


Sediment —Where no “maps or. ‘maps 
accuracy are available on a reservoir, it is necessary to determine the volume 
’ 3 of sediment in the reservoir by d direct measurement of sediment thicknesses. 7 
r This may be done with a spud, sounding pole, or auger. A spud i is ago 
Bese developed by the SCS specifically for this work. Several refinements 
“have been made of this instrument since it was originally developed, the most 
“ recent being a sectional sp spud that can be packed in a carrying case for easy 
=. _ The spud (see Figs. 3 and 4) is a case-hardened or well- 


‘a steel rod, 13 in. in diameter, into which encircling triangular grooves — 


= been machined at intervals of 0.1 0.1 ft. Each | groove tapers — 
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SEDIMENTATION 


of j 0 at the rim 1 of the groove 0.1 fe ap- 

pearance the spud resembles a series of inverted frustrums of cones with a 

maximum diameter of 1} in., a minimum diameter of 1 in., and an an altitude of | a 
(0.1 “ft, ‘set vertically one on another. The base of each cone is machined to 
_— depth of 4 in. to form a cup in which to catch and hold the sediment. Laval 
a spud is made up in 3-ft sections which can be assembled to any length up to. 

ft by 1 nickel alloy. steel dowel pins. ns. The “spud is attached to a 3-in. 

2 4-in (outside diameter) bronze core tiller rope and thrown downward from Pe 


Nq original bottom materials of the reservoir. ds The s spud is myn ee fcom ‘the ; 
7 4 original bottom materials and sediment by snubbing the line over the side of — 
< the boat and racking the boat until the spud is jerked loose. — . The spud is 
q ‘pulled slowly through the water | to the boat to | prevent the ‘sediment from 

_ washing off. The thickness of sediment is determined directly by ineoaction, — 

of the deposit an and original | bottom materials adhering to the spud. ue he spud Pe 
has been used and found satisfactory for r determining sediment thicknesses, 

water depths up to several hundred feet. A— Anon ‘we 


Fie. 3.—Secrionat Spup Packep 


a ie shallow , water, where | depths to original reservoir bottom do not exceed em 
80 ft =’ sounding pole has been found convenient for determining sediment a a 
thicknesses. Sediment often can distinguished from original bottom 
—_ by differences in compaction alone, even after sediment has been ct 
subjected to extended periods of aeration. The use of a sounding pole depends on, 
4 on this criterion for distinguishing the difference > between original soil and 
sediment. The depth of water to the top of the sediment is measured 
te sounding pole. The pole is then pushed through the sediment to the more ee 
= original bottom. The depth is again noted and the ‘difference is s 
measure of the sediment thickness. The sounding pole is most ee *. 
‘measuring sediment depths usually not exceeding 10 ft, particularly deposits + 
_ having a high percentage of silt and clay fractions. _ The latter deposits Es 
usually are less compact than the bottom materials below. 
. Often the difference between sediment and bottom materials cannot be 
detected by difference in compaction alone. Then the thickness of sediment a 
a must be determined by inspection. In submerged deposits this can be ees. 
- by the use of a spud if the deposits are not too compact and do not exceed 18 4 
a ft in thickness. _ If the deposits are too thick or too compact for measurement wy 
with a spud, a soil auger is used, consisting iz of a a 1}- in. bit fastened to a 1-in. ey 
a (outside diameter) pipe. — It is provided with si extensions so that it can 
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measured by use of this auger. The soil auger is particularly useful in measur- a 7 
ing the e thickness of exposed deposits such as Lae be found in the delta areas 
‘Under particularly favorable conditions, sound waves from echo sounders 
a sometimes penetrate soft sediment to be reflected from a hard bottom as well 
as from. the surface of the soft sediment. Under these conditions sediment — 
thicknesses can be determined from the fathograms of echo sounders. _ Fatho- — 

a grams of Chesapeake Bay often show from 15 ft to 20 ft of soft sedi ment 
- deposited in dredged navigation channels. - Although this appears to be the 

— exception rather than the rule, it does indicate the possibility that echo sounders ie - 

developed which would record sediment thicknesses as well as water 

depths. Such i instruments would probably require the use of sonic frequencies 
4 rather than the supersonic frequencies used i in present day echo sounders because 3 

gonie frequencies have higher penetrating power and lower absorption than 

: od Specific Weight of Sediment.—A c core type sampler has been developed by the | 

- §$CS to obtain undisturbed samples of sediment for determining specific weight. 
It consists of a 4- -ft | length | of 2-in. (outside diameter) galvanized iron pipe” 
threaded at both ends. — Attached to the upper end by a reducer is . 
a 5-ft length of 1-in. pipe, on the end of which is a tee joint suitable for 
a handle or for fastening a rope to the sampler. © ‘sampling nipple, 4 in. 
long, is fastened to the lower end of the 2-in. pipe by a coupling. The 
- specific weight sampler can be pushed into the sediment by hand or can be 

j thrown or withdrawn in the same manner as the spud. A flap valve, con-— 

_ tained in the reducer, opens to permit the outflow of air and water as the specific 4 
weight sampler descends. _ When the sampler is withdrawn, the valve closes, | 
creating a suction which holds the sediment in the sampler. The nipple is 4 

- removed from the sampler, capped at both ends, and sent to the laboratory 


vier Methods.—Two general methods of determining the capacity of a 4 


reservoir are in use today—the contour method and the range method. | ‘The: a 


: qnutone ee an accurate original contour map of the reservoir 


e. 


reservoir, a skews line map is made by standard surveying methods. 3. This: 
consists of establishing primary control by a triangulation system | extended 
~ upstream from a base line near, or on, the dam. If there are existing maps, __ 
a _and if they check well with this primary system, the maps may be used for the 
‘survey with minor corrections for the shore line contour if necessary. If no 
_ maps are available, or if existing maps are not good, and if no aerial photo- 
7 _ graphs are available, the ne line is mapped with plane table and telescopic _ 


Range ends, instrument stations, and triangulation stations are permanently — 
monumented, using iron pipe set in 1 concrete or reinforced precast concrete posts 
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With bronse caps. Station numbers are marked directly on the pipe or on 
bronze ¢ caps with steel dies. Various scales are used for mapping, 
pending on the size of the reservoir. For small reservoirs and ponds a scale __ 

100 ft equal to 1 in. is a of 1,000 equal to 1 in. is used 


Shore line mapping is a time Lt job in the field. Its | primary 
‘purpose is to locate survey stations for future reference and to determine the é 
surface area needed to compute water and sediment volumes. The SCS has 
-. it convenient to use aerial photographs for this purpose whenever 
may be “blown up” to any convenient scale, the scale de- 
- pending: on the size of re reservoir ‘surveyed. — On larger reservoirs 500 ft ft equal — 
}- 1 in. is used and on smaller reservoirs 200 ft equal to 1 in. Because of 
- inaccuracies on the outside borders of aerial photographs caused by a : 
a only the center areas of the photographs are used. vf These are blown up to © a 


- the desired scale, cut to orci table size, and ‘used on the ; plane ‘table in the 


aa Contour Survey.—Of the two methods of survey, the contour method gives — 


“distribution of sediment, and allows plotting of capacity curves. _ How ever, it 
ae requires more widely distributed observations | than the range method and 


_ generally necessitates a longer period of survey. The contour method of ‘ee 
= ey consists of establishing elev: ations of the present sediment surface he 
_ sketching in the contours. The area enclosed by each contour is planimetered a 

and the volume increment computed on the basis of the contour interval. The > 


4 contour method is used by the SCS only for surveys of ‘reservoirs which have — 


original contour maps with a high standard of accuracy, where sediment cannot 
be penetrated by ordinary methods, and where sediment thicknesses are large 
enough to e eliminate the possibility of sizable errors due to inaccuracies 
"original maps. Ina contour survey an adequate number of accurately located 
soundings must be taken to afford a sure basis of interpolating contours on an. oF 
_ invisible surface (the more irregular the surface, t the more s soundings required). cae 
og the more gentle : and regular is the slope, the fewer are the 
rrarars _ Several methods of locating observations may be used depending 
on the of the instrumentman. Thus, in shallow water the direction 
= and distance to an observation “may be determined’ from a single instrument 
station using a transit or properly orientated plane table and stadia board. stad 
“ In deeper water, locations may be ¢ determined by plotting | on the plane- table 
“ sheet the point of intersection of two direction lines from adjacent stations. — 


Range Survey.—The range method of survey is s used more often than the * 


‘contour method of survey by the SCS because much of its work i is on small and — 


older where good original maps are not available. A range survey 
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_ can n be ma made with much less field time than 2 a contour. - survey. Ina range | 
survey, sediment thicknesses are measured directly. The range con- 
sists of laying out a system of representative ranges (see Fig. 5) and determining ; 
> the present water and sediment depths at regular intervals along these ranges. — p 
The boat is directed along this rafige and kept on line by a transit and a sig- 
(ciao on one end of the range or, if the range is short, by use of a back- — 
sight flag behind one of the range ends. The plane table is set up up at a cut-in 
station, and the location of the soundings is predetermined and 
_ lightly in pencil on the plane-table sheet. As the boat travels along the range, | 
* ~ the instrumentman signals the boat crew when the boat is over the point where 
an observation is made. Simultaneous soundings and sediment-thickness 
ss Measurements are made along the ranges at regularly spaced intervals of © 
ar 25 ft to 50 ft on small reservoirs and 75 ft to 100 ft on large reservoirs. These — 
are plotted on cross-sectional paper and the volume is computed on the basis _ 
of the segment areas between the ranges. The accuracy of this method — 
_ depends on the variability of the topography of the reservoir and the proper — 
7 selection of ranges to sample this variability adequately. _ Where the cross — 
— sections represent a good sampling of topography of the reservoir basin, a 
high degree of accuracy is attained. Results of surveys of reservoirs with 
regular shape are usually within 2% of the true value, whereas reservoirs of _ 
pies irregular shapes, with many embayments, variable valley char characteristics, and — 
long, winding arms, give results well within 10%. 


i Computation or Water CapaciTy AND Sepiment VotuME 


a Contour of Survey.- —For computing the sediment volume when the 
a _ contour method of survey i is used, water depths are plotted on the reservoir 
= map and the present contours of the reservoir basin are drawn in. _ The area 
enclosed by each contour of original capacity and sediment deposits is then 

determined in acres from the reservoir by planimeter. The original 
7 - eapacity and sediment volume are computed by the following modified pris-— 


the contour interval, in feet (in the low L, is the vertical 
' _ distance between the lowest contour and the lowest point in the 

he = the area, in acres, of the original lonmwe contour for original capacity, 

or the difference between the areas of the original lower contour 
and the present lower contour for sediment volume (in the lowest 


oid, A = 0, for both ¢ original capacity and sediment volume); 
= the area, in acres, of the original upper contour for original capacity, 
or difference between the areas of the original upper contour and 
‘the present upper contour for sediment volume (in the aaa real 
Av iis is to the area enclosed by the crest contour). 
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EDI MENTATION 


> out parallel to each other, far as measured water depth and 


sediment thicknesses along these ranges are plotted on cross-section paper 
4 and the cross-sectional areas of original capacity and silt volume are determined © 
in square feet, by planimeter (see Fig. 6). The segment areas, or those areas | 


$00 ~15+00  18+00 21400 24400 


‘Spillway Level 700.0) Level (E!1. 100.0) 


12400 


from Range End, in Feet 


ws 2 a 
7 Wie. Cross oF Lake ‘Wasnrra Co OKLAHOMA 
bounded by a set of ranges crest-line « contour, are in acres from 
‘@ map or aerial photograph of the lake, using a planimeter. The volume of © 


water or ian each segment is by the Dobson 


1,£ hs Es + ha Es 


= the sediment volume, ir in acre-feet; 
= the quadrilateral area formed on two sides by the range ends and on 
the other two sides by lines drawn from the intersection of the range 
lines and crest contour, in acres; 
A= = the segment area of the reservoir, acres; 
ae : the cross-sectional area of water or sediment along” the range, in 


> “Silting of Reservoirs,’ by Henry M. Eakin, Technical Bulletin No. 524, U. 8. D.A., revised by Carl 
Brown, U U. 8. Govt. Govt. Printing D. C., 1939. 
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rr width (length o of bounding range) at crest in fect; and 
perpendicular distance from” the range a tributary to the 


: 5 the segment, tot the point where the thalwee « of the tribu- 


9 applies | to segments with irregular shore line and is applicable only * 
for r ranges that are essentially parallel. Ih curved segments with regular shore 
“tine, the following a average end-area formula. gives more results: 


| ‘The volumes of water and sediment are computed eciieitdl| for each seg- 


"ment of the reservoir, 1 with proper correction for the water and sediment dis- 


= placement by the dam in the segment immediately upstream from the « dam, and a ; 
a the individual ‘segment volumes are totaled to obtain the entire water and 

— Presentation of Data— —It has been a set policy of the SCS to prepare reports "7 

; - all detailed sedimentation surveys so that the data can be made available 

a to all who have use for them. . One comprehensive p printed report? was issued . # 
in 1936 (revised in 1939) which includes information on all the detailed — 

reservoir sedimentation surveys m made by the to that date. 


have been on surveys of individual reservoirs in in mimeographed 


dam and 


as we 


- loss and rate of sediment production per unit of dr drainage area on both 2 


4 


"reservoirs, for. capacity curves, s, for evaluating the effects of watershed 
 ande climatic ¢ factors on sedimentation, and for developing sediment production . 
indexes for specific problem areas. The methods described have been adopted 
toa a large degree by the various federal, state, and local agencies engaged i in i 
reservoir sedimentation investigations. The results of such ‘investigations, 


therefore, are comparable in accuracy and are useful to all concerned with the oe _, 
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EL SANDERSON Division of Water, Ohio 


"Natural Resources, has made detailed sedimentation surveys of more than 
pris small, ‘shallow lakes and 1 reservoirs 's ranging in area from 2 acres 3 to 400 


aeres in area. principal of the surveys has been to establish 
4 criteria useful i in the Gesign of reservoirs by determining the sediment produc- 


‘into three areas: : (1) ¢ corn 1 belt; (2) rolling areas, general ‘and 
dairy farming; and (3) hilly woodland areas, general farming. Annual sedi- 
- ment production is found to range from 0.30 acre-ft per sq mile on oe 
wooded hill land to 2.56 acre-ft per sq mile on gently rolling corn belt land. 
_ The methods and techniques developed by the Soil Conservation Service _ 


field and office work. range ‘method of survey and the Dobson prismoidal! 
formula for conkputation have proved highly satisfactory for the type of reser- J 
- -voirs found in Ohio. They provide a simple, workable, and expeditious means — 
- determining sediment volumes with an accuracy sufficient for practical _ 
purposes. In some instances in which the sediments are being deposited in — 
large amounts in in localized delta areas, supplemental range lines and random 
"shots have been found to be useful and essential. _ In the computation of the bi | 
racg sectional area on the range lines it is not necessary to plot the field date on a 
cross-sectional paper and planimeter the areas. The ‘segments of the areas» 4 
between sounding points are trapezoids, and the areas are easily ‘computed 
Adequate maps and aerial photos have nm not been available for most of 
the 1 reservoirs surveyed so it has been necessary to make plane- table, shore 
__ jine surveys. About 60% of the survey time has been spent on shore mae 4 
a surveys. Soundings are located on the range lines by means of a 1,500- ft 
£3 tag line that is mounted on the survey boat. After the range lines have been ; 
B: <4 - located by plane table, the tag line i is anchored on shore and unreeled from a a 
boat powered by an outboard motor. The tag line is then reeled in, pulling 
the boat back along the range line. “Sou ndings are taken at uniform intervals 


along the range, not greater than 20 ft. use of uniform intervals 

* greatly facilitates the computation of the cross-sectional areas. A drag 


a _ anchor is used to keep the boat from drifting and coasting, and to keep the 
a a tag line taut. Ranges up to 3,000 ft in length are sounded in this manner by 

marking the center of the range with a buoy and working out to the bear 
from: each shore line. This method h has been found to be faster and more 

satisfactory than the method of locating soundings by the plane- table method. 4 

_ A smaller crew is required, and the crew works more efficiently. 4 
Sediment samples are obtained with a piston-type sampling tube. Tee 

‘sampler consists of a brass tube, 1}-in. inside diameter, attached to to a tin, 


4 Principal Hydr. Engr., Div. of Water, Ohio hio Dept. of Natural Renveneen, Columbus, Ohio. _ ae, 
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standard iron pipe. _A standard double acting water-pump piston attached 


toa qein. rod i is placed in ¢! in the tube and a driving weight slides on the section 
of 2-in. pipe. — Light tiller cables are attached to the driving \ weight and to the i 
_ end of the piston rod. The sampler is lowered to the surface of the sediment 
with the piston flush with the end of the sampling tube. The cable 
attached to the | piston rod is then held in a fixed vertical position as as.the sampling 
_ tube is driven into the sediment by raising the driving weight and permitting 
‘it to fall as many times as may b be necessary to get the Penetration d desired. at 


* sample is ejected by means of the piston and rod. Samples up to 4 ft in ‘depth, 


a vs in any depth of water, can be obtained. — By using a locking mechanism, the | 
sample tube can be driven some distance into the sediment before the piston 


-_ released making it possible to obtain volumetric samples at some distance — 
below the sediment surface with a relatively short sample tube. oon 


a computing reservoir sedimentation are indicated i in the Shania and provide 
a useful addition to the paper. The use of tag lines and the computation : 4 
cross-sectional areas are timesavers in both field and office work Seeilbeshiglinlge 
The specific-weight sampler developed by Mr. Sanderson is an improvement a 
= the sampler used by the SCS. WwW ith it, samples of less dense material — wig 
is may be obtained, and samples may be taken at greater sediment depths. q Lei a x 
a weight sampler stands alone as the only instrument used in sedimenta- ae) 
wie tion work that does not have behind it the benefit of years of of experimentation — 
development to reach the degree of refinement and precision found 
: other types of surveying equipment. It took many years for hydrographers to _ “i 
_ progress from lead-line sounding to echo echo sounding. . Itmay take many years oe 
develop a truly scientific and precise specific-weight measuring device. 
= In 1950, the Subcommittee on Sedimentation, Inter-Agency River a 
_ Committee, initiated a project in cooperation | with the Atomic Energy Com- 
¥ ‘mission to. investigate the feasiblity of using ; radioactive isotopes in the design 
of an instrument for macnouring’ specific weight of sediment. Work has pro- — 
gressed steadily on this project. A pilot. model of an instrument was completed 
1951, and laboratory tests are currently underway (1951) Preliminary 
_ tests to date indicate the practical possibility of this instrument, and the next 
few years may witness the development o: of a truly scientific and precise i instru- | 


ment that will render established volume-weight samplers obsolete. 
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of the p roblems of operation and maintenance of 
sy ystems, particularly in the United States, is presented in this paper. Operat-_ 
ing procedures based on deliveries of water in accordance with natural flow 
rights, n demand, in rotation, and on advance orders are discussed. Causes 
of operating “waste are - described and the need for measurement of water is 
. emphasized. It is pointed out that efficient operation of irrigation projects — j 
i depends on the maintenance of all storage, diversion, distribytion, and drainage 
works in good condition at all times. Various” maintenance problems : 
described, and attention is called to the need for more efficient machinery and — 
equipment. i. Certain records of costs of operation and maintenance of irriga- 
tion projects are presented and the importance of ‘cost is 


ancient civilizations were dependent on | 
_ developed in regions where rainfall was insufficient to “support agricultural : 


i ie + ‘Hence, it is not strange that clay tablets from the ruins of Babylon, 


-hieroglyphies cut in rocks along the Nile, and the literature of many other | 
races describe problems of operation and maintenance of irrigation systems. If 
' the p prehistoric peoples : who built irrigation works in the Americas had left a 

written record, they too would probably have described such problems. Inthe _ 
tw wentieth century of the Christian era there are only better tools with which d 
to maintain irrigation systems i in | good condition so that water may be deliv 

each farm as needed for beneficial use without unnecessary waste. 
: at. No sharp li line e can be drawn between the functions of operation and main- 


Nore.—Published in December, 1950, as Proceedings-Separate No. 47. Positions and titles given are 
= 


It m may be stated that operation includes evel ery ything which relates 
directly to the delivery of water to farms, whereas maintenance embraces the a 
, those i in effect when the paper or discussion was received for publication. 


; Cons. Engr., Leeds, Hill and Jewett, Los Angeles, Calif. 
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distinction is largely because the works are e usually kept in repair 
by the same forces who handle the diversion and delivery of water. _ Even os, 

_ large projects where the irrigation season is short, the sy stem may be main- y 
7. tained in large part by operating personnel . Howev ever, for 2 administrative and 


7 “cost accounting purposes, it is advisable to distinguish between the at cn 


_ Although the basic requirements of efficient operation are the same every-— 


- Zz In northern regions, the growing season is | short; in other areas, water is" 
u 


, used for irrigation throughout all the months of the year. On some projects, 3 

o- the entire supply is ; controlled by storage dams; on others, a reservé oir on one Za 

branch of a river must be operated to compensate for fluctuations in the dis 


| 7 where ont problems : are peculiar to a single irrigation system or at least to. 


- valley ¢ dow nstream, whereas in others, such as the Imperial Valley in cee 
eastern California and the Closed Basin in ‘San Luis ‘Valley, Colorado, no a 
AZ _of the water diverted returns to the stream system. 
‘ ra _ Differences in rights to the use of water must also ites taken into account © 
in the operation « of irrigation systems. Generally these have different priorities 
i _ depending on the time when the particular parcels of land were first irrigated, _ 
: because water rights can be acquired under the law of most western states only 
appropriation and subsequent beneficial use. Rights to divert from 
stream are not changed when the supply is regulated; water must be delivered 
on demand in the order of priorities as if no storage dam had been built. 
There are sometimes rights | of different priority to the use of stored water, 


umually where the area of project enlarged coincident with 


partly behalf of all the lands and partly for the = 
Obviously, no set ules or operating could be made generally 
applicable, even where a ‘single agency, such as the Bureau of Reclamation r. 
-(USBR), United States Department of the Interior, administers a number of © 
irrigation systems. On each project special procedures must be developed to been 


meet local phy sical and legal conditions without violation of the fundamental 


principles of efficient operation, = = = 
In some areas, where the need is not yet evident, little progress has been @ 


z we in this ‘haere: in others, such as the Salt River Project, where no — 
of water can be countenanced, there is rigid control, of all releases from storage, 


diversions to canals, and deliveries to farms. 


_ There are a few instances where ‘ ‘natural flow” ‘rights must be complied | 
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and for the’ vet of time fixed 1 by such ‘rights. How wever, because this pro- 


ditch uses two or three times his quota rae a few days and then takes no 0 water — 

while his neighbors are irrigating their land. 

ia On some projects where the stream flow is) now regulated, the system of — 

_ continuous deliveries has has been abandoned ¢ completely, and the quantities of — 
oe 4 ~ water due under “natural | flow” ’ rights are accured for a few days and then | 
delivered later on demand. For example, on the Salt River Project the water 
ial to which these rights pease is accrued for eight days s, but must be used during 


- It is the natural desire of farmers” that vain be delivered to them on 
- demand—that i is, in the quantities and at the times deemed most desirable by 
each individual. _ This is a convenient system of operation and, if costs of con- — 

r operating procedure 

; Ww would be n necessary. Iti is commonly followed during the early life of irrigation 
sy stems, but there is probably no fully developed project in the world where the 
collective demands | of farmers could be met without overtaxing the « capacity of : 
the irrigation works and without causing excessive waste of water. 

_ Even where it is practicable to make deliveries to farms on demand, advance -_ 
“notice should be required and other reasonable limitations on the time and rate — 
of delivery of water should be enforced from the beginning. Otherwise, the /_ 
- imposition of controls, when the ‘necessity arises, will be be resisted as an in- “a 


Then the ‘Reclamation ‘Act of of 1902 was and ‘the United States 
_ undertook the construction of irrigation projects, it was with the primary in- 
tention of developing land then owned by the federal government. _ Farmers 
who settled on these raw lands had to clear, level, and otherwise prepare them 
7 a for irrigation, in addition to assuming the burden of repaying the costs of con- i 


of the irrigation works. Consequently, economy of construction 


was governing consideration on these public projects. 
or a g It was recognized by all that, if water were delivered to ‘farms int rotation — 
at regular intervals rather than on demand, economies could be effected be- 


cause smaller canals could be used. Accordingly, several projects were designed 
= d built to be oper ted in this manner. . In m rotation was to be _ 
an pera is manne 80 e cases 
x a a limited to the farms ‘serv ed from each lateral, maintaining at least one irrigation = 
_ head i in every lateral; in others, laterals ‘a to be served in rotation; and 
ta occasionally canals were to be operated intermittently, particularly during the 
% spring and fall when water i is used less than at the e peak of the: irrigation 1 season. 
“a Similar | principles have been follow ed in the design of many nonfederal i irriga- — 
systems to to minimize > capital costs. 9 916 ott 
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SYSTEMS 


however, the delivery of water in pre- 


te receive water and many years elapsed before full development. 


ca In the meantime, there was no need to regulate either the quantity of ell 
BPP i: to a farm or the time at which it was delivered. Farmers naturally — 
3 found it more convenient to irrigate in the daytime and during the middle of the 
week than to conform to a schedule requiring irrigation at night and occasion-— 
ally o on Sundays and holidays. Hence, _ it became customary to supply water ; a 
as requested by the farmers. _ They naturally w were unwilling to forego this 
| privilege when the time came that their collective demands for water ceed 
the ca capacity of the canals. . Then, of course, the engineers were blamed for an 


"designing: inadequate works, and pressure 1 was brought to have the aa 


i oie In most well- established projects a compromise procedure of water deliveries 


= 


Broa ting depending o on climatic conditions, the nature of the soil, and the — on 


a 


character and stage of development o of the crops planted. In ‘principle, each’ 
farmer is required to anticipate his needs so that there will be time enough to Sarons 


be: Normally, requests for the delivery” of specified quantities of water are 
placed by individual farmers with the zanjero, or ditch rider, three or four < 
_ days in advance. The zanjero assembles similar water orders from other 

farmers on the laterals operated by him and adjusts conflicts as to time of Ee 


delivery. He then transmits to his watermaster a request for the delivery 


into these laterals of the quantity of water which he will need two or three days , tae 2, 
_ The watermaster, who) may have control of a canal serving a dozen ag al 
4 receives similar requests from each of the zanjeros under his jurisdiction. 
assembles these and schedules the diversion of water into the several iterate t 2 
- minimize fluctuations in the feeder canal. After allowance for | losses i in trans- :; 
7 ‘mission and other factors, he then transmits to his superior an order for the "3 
f diversion into his canal of the water necessary to supply the laterals and, in 
turn, the farms needing water. senior watermaster (or superintendent 
the case may be) compiles these ¢ canal orders and determines when and “eal an 
: much» the release of water from m storage, or the rat rate of diversion into the canal ie 
systems, must be ‘increased or decreased « so that just ‘enough water will be 
- available as needed for diversion into the canals and from these into laterals — 


on Even under most favorable conditions, good judgment and long experience 
= are needed to fulfil such water orders without undue waste. _ Consideration 
on must be given to the time required for water to flow from a reservoir to points - A 


= 


| 


of 
4 
e 
— 
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age’ Such times of transit vary markedly depending on 


flowing i in the stream ‘a canals prior to the dicate ond. also on the degree of 
the change in 1 flow. w. C Channel storage also must be taken into account, _ because a 


} sie a part of any ; increased outflow from : storage will be absorbed and a ng 


_ will be offset in part by changes ir in the level of the water in streams and canals 


Irrespective of whether the operating procedure involves the 
» water on demand, in rotation, or in accordance with scheduled water orders, 
sudden climatic changes almost invariably cause operating waste of water. 
On the Rio Grande Project, for example, it requires about four days for 
Aas w rater released from a storage to reach the lowest point of diversion. This region 
4 is characterized by sudden changes i in temperature and humidity, frequently — 
accompanied by thunderstorms, which cannot be predicted with any certainty | 
four days in advance. When such storms occur in the valleys above El | 
_ Tex., the use of water is immediately curtailed, because the farmers naturally . 
refuse to take delivery of water when their ground is already wet. This re- | 
action, of course, ‘results i in an increase in the water wasted from canals serv ing 
=“ this part of the project. As the normal volume of operating waste from the | 
“upper units of the project was taken into account in scheduling the supply for 
_ El Paso Valley, the superintendent of the lower unit suddenly finds himself 
4 with more water at his diversion point than he ordered, and he has no choice but | 
E to permit it to waste downstream. At other times, operating waste from this — 
é) .) part of the project becomes unav oidable, because an inch or more of rain falls 
El Paso Valley as the water previously ordered reaches the diver- 
i Conversely, when there is a sudden rise in temperature and a decrease in 
humidity, t transpiration of plants afd evaporation from land and water surfaces 
are increased; less water then reaches El Paso than was expected. The natural 
 answ er would be to guard against a shortage and to have always enough water in 
the river to meet all possible diversion demands. Unfortunately, this cannot be ; 
"ee done because the total supply available to the Rio Grande Project is »enited 
* and excess operating waste in one year can be overcome only by rationing — 


4 
= Most other large irrigation projects have similar problems “tec ake of climatic | 


changes. Only occasionally would it be feasible to reduce the operating | waste i 
of water to the extent that has been done on the Salt River Project where about 
‘ one third of the total supply of water is obtained from wells. These wells are ~) 
so spread throughout the irrigated valley that, Ww when ai any decrease in 
i the demand for water occurs, the well pumps can be shut off and the flow ai 
¥ water in the distribution system can be made to match the lessened demand. 
Seldom must the rate of outflow | from the reservoirs be changed, omneph to 
conform to scheduled changes in the use of water. val x 
ow On the other pi projects it has been found practicable to provide storage = 


tO 


at the ends” of primary canals in which the excess water may be impounded 
fs until the canal flow can be adjusted to the. demand, and from which. this water — ’ 


later fer for use. ye 
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£ _ The rel release, diversion, and delivery of \ of water must be controlled if the 
reasonable demands of farmers are to “be m met withot undue waste. 
— controls cannot be imposed intelligently without good measurements of a. 


the quantities of in in storage and the released from storage a 


are kept of the water from into laterals; but, . 
- with the exception « of those systems s where ws water is so valuable as to require ; 
distribution through pipe lines, ‘measurements | of water delivered to farm head- 
“gates are generally little better than guesses. 
_ More complete and accurate hydrographic records are kept on the > Salt 


Et than on any 


any - other large project in 1 the United States. he 


inflow to and the outflow from each reservoir are measured, and a record is i eee _ 
kept of all fluctuations in storage. Gaging stations are operated on both 
_ the Salt River and the Verde River below all reservoirs and on each of the canals = i 
. just below the diversion dam.. Where these canals branch, enough measure- : 
nents are made so that the quantity of water diverted into laterals can be 
with | reasonable accuracy. Records are also kept of the water 
_ pumped into canals. However, in spite of the completeness of such hydro- _ 
‘graphic data, an unreasonable proportion of the total supply remains un- 
accounted for by charges for water delivered to far ms. 
1 
_ The practice of delivering more water to farms than is actually charged to ; 
a water users is accepted almost everywhere as being reasonable and proper. ; 
Only recently has” it been recognized that water Tights thereby being 
jeopardized. : " Recently. (1950), for example, the State Water Board of Texas Pra 
- granted an application by the City of El Paso to appropriate certain waters 
of the Rio Grande. This a application was based in | considerable part on the 
- apparent availability of waste waters. Actually most of the presumed excess °/ 
7 “supply of water was used beneficially for irrigation but it was not accounted 
for i in the records of of deliveries to farms i in the E El Paso \ Valley. acineal aie slea- 
if the ‘quantity of water delivered to farms were measured accurately, the 
"magnitude of wastes and seepage losses from canals and laterals would not be > 
Bing 88 and the quantity | of water required for beneficial use in the i irriga- — 
tion of land could be evaluated accurately. Better methods of 
flow of water from laterals through farm headgates are needed. ‘at 


a Efficient operation of irrigation projects depends on all the works being 


kept in a good state of repair. As stated i in a manual of the USBR: fund: 


WR “The maintenance of irrigation | projects i is a important function, 


essentially a technical job requiring a competent and experienced organiza- 
tion. and machines to accomplish the necessary 


= 


> 


y 
ft | and wasted at the ends of the system. On some projects, particularly those 4 _ 
where water rights are in dispute, the inflow to reservoirs, the volume in | 
’ JB] the release from storage, and the quantities of water diverted are measured = a — 
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doug ’ — shall be available at all times, commensurate with cost. Shop facili- 
ties for the repair and overhaul of machinery and equipment must also be 
Kai provided. The water users are entitled to water delivery: service from 
year to year with but minor interruptions.” FR 7s 


Wherever water is used to irrigate land, there i is the problem of 
and disposition of the portion not consumed by the plants or ev aporated =. 
surface of the ground. This m may be an operating function, or it may be ; 
maintenance problem, depending on the manner in which the area is drained. 
ss Tn the Salt River Valley, the water that seeps out of canals and percolates 
i. 43 downward from irrigated fields is removed by pumping from wells, there being ; 
few open drainage channels. In most other Projects, -waterlogging of 
a" i the land is prevented by a network of open drains. Their operation is auto- — 


ee - matic, but maintenance of these channels i is a major problem because of the 


5, tendency for them to become clogged with silt or aquatic vegetation. 


_ The problems of maintenance are too varied to permit more than reference 
to some | of them—such as repair of frost damage, , removal of silt deposits, and 


control of weeds and aquatic plants. 

_ Frost Damage. —There | are few irrigation projects in the United en 
‘Whine ‘some structures are not subject to damage by alternate freezing and 
- thawing, such as the spalling of concrete on the face of adam and the. heaving 7 


of pavement slabs in spillways and other concrete-lined channels. Some of 
the effects of i ice and of alternate freezing and thawing can be obviated i in the 

; design of structures; others can be minimized by care in construction. * -How- 
-¢ ever, repair of damage from such causes is a substantial part of the maintenance 
a most projects i in northern climates. 
~ Removal of Silt —On n many irrigation systems, the removal of silt deposits 


* constitutes the greatest item of maintenance. For example, before Hoover 


Dam was constructed on the Colorado River, the removal ¢ of silt from the head- 
works and canals in Imperial Valley was a never-ending battle. The water 
diverted from this river carried with it in suspension many millions of tons of 
a silt and sand each year. Some o of this was caught i in settling basins just down- 
stream from the headworks and removed by dredges: which operated 
ea, the greater part, however, passed on down the canals, and it me 
only by keeping these full and by wasting the excess water into channels which — 
flowed to Salton Sea that the deposition of silt could be controlled reasonably. 

4 Even so, it was necessary to keep draglines, “Ruth” dredges, and other exca- 
- vating equipment in operation on every canal. The maintenance expense was 

so great as to jeopardize the economic stability of the project. at, pear a 
ao the Middle - Grande Valley of New Mexico it has not been possible to 


of sand and silt carried lB river. 2 Large re reservoirs rs to intercept ‘these sec ae 
ments must be constructed if the rate of deposition i is to be kept within reason- 
able bounds. Elsewhere the problem is generally less acute. _ 
a8 “Nal Control of Vegetation. —Except for the few irrigation systems ieadieneat water a 
a _ is obtained from + wells and distributed in closed conduits, the « control of weeds 4 
and vegetation is a universal maintenance 
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ere Some grass or other 1 vegetation is desirable on ditch banks : and other earth 
slopes to prevent erosion, but it cannot be left to grow uncontrolled. Sooner — 

a or later objectionable grasses, weeds, willows, or other plant pests too numerous | 

_ to mention take root and persist in spite of all preventive efforts. The best 
sea can be done is to keep such growths reasonably under control. =| 
Aquatic plants, such as tules, cattails, and water hy acinth, are not normally 
Pi: Pe of a problem in the maintenance of canals, but they thrive in the clear 


water of drainage channels. Drains can become almost nonoperative in a 


A surprisingly short time if maintenance is deferred. 
r Moss will frequently form and almost clog canals where the water is clear. 
U 


nder favorable conditions of temperature and sunlight the growth of moss is 
rapid; streamers 20 ft to 30 ft long are not “uncommon. — Raking or outing, 
this moss free i is only part of the problem’ because it comes to the surface and a 
- floats downstream where it tends to clog gate openings, etc. — Hence, while one 7 
crew i is cutting it free, an another maintenance ¢ crew must be stationed downstream 


Occasionally, and for no apparent reason, some new. AR of growth will 


‘This was the case in the Imperial ‘Valley shortly after the silt 


solved by the construction of Hoover Dam. A species of bamboo began to 
_ grow on the canal banks : and to send out roots for great distances, from which | 
other clumps of bamboo would sprout. Ma) as | 
on The growth of tamarisk, or salt cedar, is another example of plant infestation 
“which has added to the maintenance problems of many irrigation sy stems. 
- Before 1920 it was almost unknown; now it grows so thickly in ‘many places Bie. 8 
“to be almost impenetrable. The consumption of water by tamarisk i is about — 
same as the evaporation loss from a free water Consequently, 
the eradication (or at least the control of it) constitutes a substantial all 
te tenance problem for which no definite remedy has yet been found. cae A x 
Methods of controlling weeds and other undesirable vegetation along canals 
around reservoirs differ widely depending on conditions peculiar to the 
area. — On some projects, particularly those where the removal of silt deposits — *< 
_ is necessary, canals are generally cleaned by mechanical methods. On ~<i 
_ burning with flame throwers. has been found ‘successful and reasonably eco- 
nomical. ‘Chemical spraying is favored some areas: probably will 


become more generally adopted as better sprays developed and 


this the need for machinery and equipment designed 
~ cleaning canals and drains has been unrecognized, although the amount of _ 


> money spent annually in the maintenance of canal systems is great enough wad np 


- cause of contractors who, unde the whip of competition, demand greater speed, 


efficiency, and ¢ of control. _ Those who maintain irrigation systems still cil 
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“ae pos ses. Perhaps th this is because irrigation projects are separate entities, 
among which there is little competition, and the cost of maintenance is looked 
upon as a burden to be borne with resignation. — es ee 


Little effort is generally ‘made allocate costs osts of operation a and main- 
tenance. Even the manuals of the _USBR are substantially silent in this 
Bi _ respect, although many millions of dollars are spent each year on federal rec- M 
Pay _ This apparent lack of interest in cost. ‘accounting presumably arises rom 
the fact that irrigation projects are operated in effect as cooperatives. Under 
ordinary circumstances, the cost of labor of all classes is estimated d for the 3 y wi 
and to this is added the probable cost of materials and supplies ‘and equipment — 
to be purchased. Estimates are also made of the probable revenue from water — 
= if any, snd of other incidental revenues. The difference between the _ 


ves 


total estimated cost and the estimated direct reve enues is then | charged to the — 


u, a < water users in the form of assessments per acre or taxes assessed against all 
property within the project. Such budgetary accounting is not sufficient for 


In 1940, when economic conditions were reasonably s stable, the combined 


cost of and on ty federal reclamation projects was 


a ese costs are no measure of shat ‘ies be spent today to operate and 
maintain an n irrigation project in good condition. _ For. example, the total pay 
for such functions was reported to have been only $414,350 on the Salt River 
Project inl 940, whereas the total -Feported for 1948 was $2, 433, 302 (soe 
"This total cost, equal to practically $10. 00 ‘per acre, is exclusive of 
$393, 393.89 set up on the books as depreciation accrued in that year on inion. 3 
he’ tion properties in in service. For comparison with the reported cost in 1940, the — 
~ charge made for | power ver used in pumping should be deducted in Table 1. “This 
was $728,866 computed at the same rates as for power sold to others. Even 
this basis, the direct costs of operation and maintenance of the Salt 


‘The impact of changed economic has been less on most other 
a v aor projects up to the present time, principally because they have not had to 


conform to federal labor laws. As these become applicable to such other — 
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projecte, which s 

must likewise increase In this. connection the Supreme | Court 
of the United States on June 27, 1949, held that a mutual water company 
was & subject to the provisions of the w wage and hour acts (the Farmers Reserv - 


TABLE OF THE IRRIGATION ‘DEPARTMENT, 


Surface water production. . $ 15,099.88 $ 55,953.04 
-| Ground water production. 260.62 834, 097.70 
Transmission expense. 52, 570.38 71, 151.76 123,722.14 
Distribution expense. 461 "519. 43 426, 129.47 887,648.90 
Drainage expense... 43,167.24 | 126,915.56 | 170,082.80 
ll | $1,384,388.10 | $697,557.29 | $2,081,945.39 
> 351,356. 

Irrigation Company Versus ‘William R. McComb, of the 


es of operation and maintenance of irrigation systems, it seems dae 
- priate to close with only a restatement of the basic principles that govern their — 

& ‘solution: Efficient operation is defined as the deliv ery of enough ¢ water to each 
‘farm at the right time to satisfy all beneficial needs without waste. It depends 
the maintenance of all storage, and 
good condition at all times. 
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Night-— —Refusal to use available water at 

FS night or other inconvenient times results in wastes from the lower division of — 

project. Wastes from the upper division are often usable since they 
q fee x redivertable. It is impractical to attempt to schedule reservoir releases — 


= 5 several days in advance to eliminate arrival of irrigation water at night. — ¢ wld 
ae (f) Structure Failures .—Canal breaks and other structure failures, that 


@) Communications Breakdown. —During thunderstorm activity, the 
a. telephone lines from a headquarters office to the point of irrigation release _ 
<< abi ‘may go out of service. This results in delay in ordering changes in irrigation 

_ release and aggravates water loss caused by storms. ts 

-Excessive Releases to Speed Delivery. —Occasionally, during periods of 
a hot weather, the water demand exceeds the capacity of the system to supply it. 
aA * ‘Then it becomes necessary to release excessive amounts of water from storage 
- to reduce the travel time of the release through the system to the lower water | 

users, nite excess releases are wasted d below the lower end of the project. 


_ Any ‘enumeration n of causes of water loss or on irrigation projects is of little 


- value | unless it points the way to reducing unnecessary losses. Obviously, 
, the best time to create an 1 efficiently operating irrigation system i is in the original | 
re.'*3 planning and design of the system. As full stream-flow utilization is ap-— 
proached, an excellent opportunity exists for designing irrigation systems that 

_ be operated with minimum waste. Those charged with the responsibility | 


of laying out irrigation systems should be fully aware of all important operating 

— One of the best methods | of obtaining flexibility in a system, a ated 

often overlooked, is mentioned by the author in the section on “Operating 

’ This is to provide short-term reservoir storage capacity | near the 

a of the main canals. . The capacity need not be large compared to ot 


be 


- jong- -term storage capacity supplying the sy: system, but wherever the point of 
_ initial irrigation water release is far from the point of use, waste i is inevitable 
“unless some storage capacity is provided near the point of use. 
_ Given a well designed and constructed system, adequate funds and -_ 
petent personnel must be obtained to insure adequate protection of the original © 
investment and continuous efficient operation. { Too often a good ‘irrigation 
system is allowed to degenerate, and ultimatly. tor require heavy expenditures, 
the term economy. — A, ck 
Ropotro E. _Bauiester—A very interesting problem is called to the 
attention of engineers in this paper. ‘The maintenance of irrigation projects — 
is a highly important function, and essentially a technical * * ©” as stated 
- in the section “Maintenance of Works.” Engineers have at their disposal } 
= 4 an extensive and varied literature covering structures from dams to canal 


of ‘operation ‘and maintenance of irrigation structures. would seem that 
engineers preer to pase the burden of tia type f job to the water users, 
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water, delivery of water for beneficial use, and rigid control of all releases vn inl cag a 
_ dams to the farm laterals. . The writer thinks that the last two points cannot — wan) ve 


= 


be accomplished if the first is not realized. Under the heading “Measurement 
of Water,” the author states that measurements of water delivered 


the headgates, with all the complications of measuring the | upstream 
_ head, downstream head, and fixing the coefficient of discharge for free or sub- . 
" merged orifice. There were always differences with the water users about the 
true quantity delivered. tg On three laterals, just below the headgates, standing 
- wave flumes were installed with scales graduated i in liters per second. The 


ng 

d 

for a quantity of liters per second. fy The most illiterate farmers ‘started to 
think in terms of volume of discharge instead of gate openings. A 

user even built a flume at his own farm to control the general delivery, = © 

Tot the watermaster or superintendent, the record of the flume discharge a 
was very useful for the quantitative consideration of the requirements of the 


.-: served by the laterals and for the preparation of the program of deliveries be 


ae the various systems of water distribution the rotation system is the _ 
“most rational. Me In the Centenario ~rdaigpe! water was delivered at the start of if 


fixed at the beginning of the water year. Padlocks were removed. Now each 
water user opens his headgate at the time fixed in the schedule. The rotation 
system | is not ‘applicable to smaller c canals, as the author vr states, because larger 
_ sections are ‘necessary to carry the accumulated discharge that occurs in - a 
_ The chief problem in the maintenance of canals and open drains is the 
ig control of weeds. The writer has observed that irrigation canals with velocities Y 
equal to or exceeding the critical velocity given by R. G. Kennedy (neither 
= nor scouring) are almost always free of weeds. In open drains the 
problem is most serious, for it is not possible to maintain a high velocity for — 
control. In an irrigation system in which the water is used with high 
} - efficiency, the o open drains must discharge a a very small quantity y of water, and 
this condition favors the growth of weeds, 
An irrigation system is comparable to a railroad. Once built, ‘technical 
| progress of every kind must be applied for betterment of service. The max-— 
imum beneficial use of water is the ideal of an irrigation system, and to — 
at this goal, cooperation is between weter users and 


| 
| 
_ writer has had a very interesting experienc 
systems of Argentina. The “Centenario” (“Neuquen”) system is operated 
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purposes Perhaps this is irrigation projects are separate entities, 


among which there is little competition, and the cost of maintenance is looked | 7 


as a burden to be borne with resignation. 


Costs AND Cost ACCOUNTING _ awh 


“Little ‘effort is generally made to allocate costs of operation and main- 


tenance. Even the manuals | of the USBR are substantially silent in this. 
ee although many millions of dollars are spent each year on federal rec- 
lamation projects alone forsuch purposes. 
‘This apparent lack of interest in cost accounting presumably arises from ‘ 
fact that irrigation projects are operated i in effect as cooperatives. ‘Under 


ae circumstances, the cost of labor of all classes i is estimated for the year, 


if any, of other incidental revenues. The difference the 
total e estimated cost and the estimated direct revenues is then charged to the 
e water users in the form of assessments per acre or taxes assessed against all 
property within the Such budgetary accounting is not sufficient for 


ae 1940, when economic conditions were reasonably stable, the combined + 


vt tal cost of operation and maintenance on typical federal reclamation projects was _ 


‘Milk River, Montana. 
Belle Fourche, North Dakota... 


0 
Rio Grande, New Mexico and Texas.... 142 ‘800 


Salt River, Arizona. 243,000 1. 75 
These costs are no measure of what must be spent today to operate and 
c maintain an irrigation project in good condition. For example, the total cost — 
_ for such functions was reported to have been only $414,350 on the Salt Riv ee 


Project in 1940, whereas the total reported for 1948 was $2,433,302 ow 


$393, 393.89 set up on the as i in year on irriga- 
af tion properties in service. For comparison with the reported cost in 1940, the — 
charge made seh power used i in pumping should be deducted i in Table Ly: a 


quadrupled from 1940 to 1948. wit 


The impact of changed « economic has been less on most other 
- projects up to the present time, principally because they have not had to 
. As these become applicable to such other 
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IRRIGATION SYSTEMS 
projects, w which should ee anticipated, their costs of operation and mainten 
must likewise increase tremendously. In this connection the Supreme Court Pa 


* the United States on June 27, 1949, held that a mutual water company — 


TABLE Expenses or THE IRRIGATION DEPARTMENT, & 
River Prosect, For THE YEAR DeceMBER 31, 1948 


Surface water production. . $ 40,853.16 | $ 15,099.88 «BB, 04 
Ground water production. . 775,837.08 «88, 260.62 


Purchased water 10,440.81 
Transmission expense 52,570.38 | 151.76 
Distribution expense... 461,519.43 426,129.47 
43,167.24 | 126,915.56 


$697,557.29 32; 081,945.39 
1;356.84 
3 


Total: Irrigation, operation, and maintenance one $2,433 3,302.2 


t 


and Company versus William R. McComb, “Administrator of the 


as the foregoing has been little more summary | of the 
», problems of operation and maintenance of irrigation sy stems, it seems appro- 


pa priate to close with only a restatement of the basic principles that govern their 
: solution: Efficient operation is defined as the deliv very of enough water to each 

farm at the right time to satisfy all beneficial needs without waste. It depends aa 
on the maintenance of all storage, diversion, distribution, and nd drainage works ; 
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Grorce Howarp,? M. ASCE.—This excellent paper presents in 
‘straightforward manner the numerous problems confronting the operators of 
— ~ those individuals having a direct i interest in the costs of operation and 
"maintenance, the involved system of government bookkeeping frequently 
7 “ results in confusion. Perhaps this type of accounting procedure causes the > 
apparent lack | of interest in cost accounting referred to by Mr. Hill; and when 
% control of the district is taken over from the Bureau « of Reslacnation (USBR), 
= States Department of the Interior, the water users employ the absolute 
Me _Iainimum of bookkeeping 1 required to keep their accounts legible to the members 
of the i using association. Certainly it is not economically feasible for an inde- 
‘pendent organization to adopt the invol¥ed accounting system used by the > 
government, for the expenses: connected with the cost accounting would 
probably « exceed their benefits. As a result of the “many legal restrictions 


placed on the USBR, however, it is necessary that the more elaborate system 
t 


be used w when a is operated by the USBR. 


1947 | «1948 | 


$3,253 | $2,811 
Distribution system 41,008 50,063 
system 5,589 1,318 
Total irrigation operation — dliilaitethi 50,397 | 62,595 | 69,966 57,925 119,696 
Total irrigation cost $50,397 | $62,595 $57,925 $138,204 


§ _ ‘The Bard aeslantion District, Imperial County, i is the California part of the 


* jp 7; 743 acres of Indien lands and 6,287 acres in the Bard Irrigation District. 

ti is still operated by the USBR and efforts to understand the financial out- 

_ lay chargeable against this district ; result i in many headaches for the board of 
Although the USBR operates | the district, the directors 

the people who are the actual water users and who pay the expenses incurred © 
_*< operating the project. Excellent cooperation is obtained from the USBR, 
-2Chf., Technical Service Dept., Eng. Research and Laboratories, Fort Va.; 
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— but the board of | directors of the Bard -Irtigation District is placed in t 
~ awkward position. of lending approval to expenditures after-the-fact and o 


- having no voice in the policies connected with administration of the distzict.. . 
Operating expenses of the reservation of the Yums project for 


= increase in n operation costs for the. last five calendar years, x This rey represents a a i 


— 


——— increase over the $2.26 listed by the author as the cost per aa 
1 1940. From inspection of the total irrigation cost figure in this’ table, 
i it is s evident that the $6.00 per acre minimum water rate will not continue long. DG 
3 _. The basic principle indicated in this paper is met in the Bard Irrigation: pe 
_ Distriet; that is, that enough water is delivered to each farm at the right — 
to satisfy all beneficial needs without waste. ye It is still a very evident fact f-» 
and a cause of great concern to all water users that unless the minimum water 
per acre is kept as as low as possible, the r resultant 


Lyman R. Froox,. Jr.,3 Jun. ASCE. —A' discussion of the operational — 
<7 aes wastes in irrigation systems is given in this paper, with an accurate 7 
description of how waste originates during thunderstorm activity. large 

in quantity of water is wasted in this manner, but a more complete list of operat- ; 

ing waste for irrigation projects in the Southwest would include: (a) Reeve t 

- losses; | (6) evaporation and transpiration losses along the distribution system; 
excessive water orders ; (d) climatic changes; (e) ‘unwillingness: to ‘irrigate 
at night; (f) structure failures; ; (9) communications breakdown; and (h) exces- 
Reservoir Losses. —Evaporation and transpiration for the storage 
n may be more than 30% of the irrigation 
(b) Evaporation and Transpiration Losses Along the Distribution System.- 
_ Water is lost from the free water surfaces of canals, laterals, and ponds to 7 
rank vegetation growing along the distribution system. Good maintenance _ 
practice reduces these lossestoa minimum. 
(c) Excessive Water Orders —Unrealistic and often water orders 
oI are placed by farmers for a variety of reasons. The average farmer on irrigated 
land cannot be expected to place consistently accurate water orders. When 
water charges are relatively low compared to his other “operating costs, a nd 
‘particularly when he is charged only for water used and not for water ordered, , 
excessive water r orders aré are to be e: expected. Farmers will : actually ‘divert and 
; - ~pay for excessive volumes of water, much of which 3 is wasted. _ Then, when a 
demand period occurs, the « can obtain an immediats increase 
his individual water supply by simply reducing - his normal waste. ‘Since 
wastes are frequently rediverted to meet the needs of lower users, this action a 
"further exaggerates water ‘delivery problems during a high demand period. 
Climatic Changes. —These changes” are thoroughly discussed by the 


author j in the section on “Operating Wastes.” iad 


International Boundary & Water Commission, El Tex. th 
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BALLESTER ON IRRIGATION SYSTEMS 
@ Unwillingness to I rrigate at Night—Refusal to use available water at 
night or other inconvenient times results in wastes from the lower division of 
a project. _ Wastes | from the upper division are often usable since they are 
= .4 redivertable. _ It is impractical to attempt to schedule reservoir releases 
_ several days in advance to eliminate arrival of irrigation water at night. > 
4 — Structure Failures—Canal breaks and other structure failures, that 
a usually occur during periods of peak water demand, | cause water to be available - 
at diversion points without sufficient notice and at unusable rates. 
—. Communications Breakdown.— —During thunderstorm activity, the long 
= lines from a . headquarters c office to the point: of irrigation release 7 
_may go out of service. This results in delay in ordering changes in irrigation. 
and aggravates wi water loss caused by s storms. 
 & Excessive Releases to Speed Delivery. —Oceasionally, during periods of — 
ieee hot weather, the water demand exceeds the capacity of the system to supply it. | 
Ss Then it becomes necessary to release excessive amounts of water from storage 
ad to reduce the travel time of the release through the : system to the lower weher 


te 


unless it the way unnecessary losses. 
ei wd the best time to create an efficiently operating irrigation system is in 1 the original | e 
' planning» and design of the system. As full stream-flow utilization is ap- 
ov _ proached, an excellent opportunity exists for designing irrigation systems that _ 
gan be operated with minimum waste. Those charged with the responsibility 
Of laying out irrigation systems should be fully aware of all important operating - 
0 Ae One of the best methods of obtaining flexibility in a system, a method 
aie often overlooked, is mentioned by the | author in the section on “Operating 


he, Waste.” ” This is to . provide short-term reservoir storage capacity near the 


~ 


end of the main canals. The capacity need not be large compared to the © ¥ 
long-term storage ‘capacity supplying the system, but wherever the point of “fixe 
initial irrigation water release is far from the po point of use, waste is inevitable wal 
unless some storage capacity is provided near the point of use. "sys 
_ Given a well designed and constructed system, adequate funds and com- “sec 
petent personnel must be obtained to insure , adequate protection yn. of the « original : - she 
investment and continuous efficient operation. Too often a good irrigation — ey” 
system is allowed to degenerate, and ultimatly to ‘Tequire heavy “cor 


Bauuester'—A very interenting problem is called to the 
attention of ¢ engineers in this paper. maintenance of irrigation projects 
is a highly important function, and essentially a technical job * * *” as stated fy | effi 
in the section “Maintenance of Works.” Engineers have at their disposal 
= extensive and varied literature covering ‘structures from dams ‘to canal 


5 


linings, but very few or no concerning the and methods 


Prof. of Applied Univ. of Buenos Aires, Aires, Argentina. 
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4 
‘ae delivery o of water for beneficial use, jw rigid control of all releases from < 
dams to the farm laterals. The writer thinks that the last two. points ca cannot 
be accomplished if the first is not realized. _ Under the heading ‘ ‘Measurement 
of Water, ” the author states that “* * * measurements of water delivered to ~ = 
farm headgates are are generally little better than g guesses. ont 
_ The writer has had a very interesting experience on one of the irrigation bss 
of Argentina. The “Centenario” (“Neuquen”) system is is operated 
in rotation from laterals. ' The discharge for each lateral was measured : at 
the headgates, with all the complications of measuring the opening, upstream — 
head, downstream head, and | fixing the coefficient of discharge for free or sub- 
merged orifice. There were always differences with the water users about the - 
_ true quantity delivered. On three laterals, just below the headgates, standing ~ 
wave flumes were installed with scales graduated in liters per second. The | 
- first reaction of the water users was that water delivery w ould be diminished. 
‘ They said that the reduction of section of the lateral caused by the flume would 
3 reduce the discharge. _ However, after a year of operation, instead of asking 
2 for delivery in terms of centimeters of opening of the headgate, they asked — 
for a quantity of liters per ‘second. The most illiterate farmers started 


| 


think in terms of volume of discharge instead of gate openings. A water 

user even built a flume at his own, farm to control the general delivery. 

: ek To the watermaster or superintendent, the record of the flume oat oe 
_ was very useful for the quantitative consideration of the requirements of the 


_ Of the various systems of water . distribution the rotation system is the pe 


A 


i most rational. 4 In the Centenario system water was | delivered at the start | of 


¢ 


~ 


tal at the beginning of the water year. Padlocks were removed. each 
water user opens his headgate at the time fixed in the schedule. The rotation — 
system is not applicable to smaller canals, as the author states, because larger ee “ 
‘sections are “necessary to carry the accumulated that occurs in 
m- The chief problem in the maintenance of canals and open drains is the — 
_ control of f weeds. The writer has observed that irrigation canals with \ velocities a 
. equal to or exceeding the critical velocity given by R. G. Kennedy (neither 
: silting nor scouring) are almost always free of weeds. In open drains the ~ ba yh? 
uy problem i is most serious, for it is not possible to maintain a high velocity oe re 
i weed control. _ In an irrigation system in which the water is used with high 
- efficiency, the open drains must discharge a very small quantity of water, and . 
a An irrigation system is comparable to : a Once b built, 
progress of every kind must be applied for betterment of service. The | max 


kinc 
* imum beneficial use of water is the ideal of an irrigation system, and to arrive 
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‘SYSTEMS 


_ technical skill in the operation and maintenance of irrigation Systems, but 
they must never neglect the farmers’ viewpoint and capacity. 

Aurrep R. Gouzt,' M. ASCE. —In the section devoted to “Costs: and Cost 

4 “Little effort is generally made to ‘allosaie costs of operation and 
maintenance. Even the manuals of the USBR are substantially silent in 
this respect, although many millions of dollars are spent each year on 
federal reclamation projects alone for such purposes. els 


" a is not known what meal the author had reference to. The USBR in 1949 


i} concluded a revision of its accounting system that makes full provision for 
the operation and maintenance activiti es on the Federal Reclamation Projects: 

both for irrigation 1 and for power. > FF or irrigation, accounts are re provided to 
bs record separately ‘the expenses 1 for storage systems, carriage systems, distribu- 
tion systems, drainage systems, and general administrative e: expenses. _ For or the 


_ fist four elements, costs are separated | between operation n and m maintenance. 


and waterways; structures, , and and so For 
and administrative expenses costs are r¢ recorded for r office salaries, office wentes 


‘eit Expenses are related to « “operating income in the accounts so that the wt 


paper shows that there. are many for engineers to their 


a income for irrigation can be determined. Cost reports of income and expenses” “4 


: and the relation of the two are made each month for each project operated by 
7 d the USBR. In addition to maintaining costs under the breakdown cited, each 
W ‘irrigation project operated by the USBR is required to program its anticipated | 

7 @ expenditures over a seven-year period. The components of these programs cor- — 
ee respond | to and are arranged in the same order as the expense (cost) accounts 
7 and constitute the support for the annual budget preparation. The purpose 
on of preparing expenditure programs over a relatively ae cnanteld is to aid 
the project personnel in the development of an orderly schedule for replacement 


of worn-out or obsolete structures and for the replacement of operating pine g 


— not be allowed to o “peak” in in any one year, as they could be too heavy a burden 


The USBR secures its funds for the operation and maintenance of its 


irrigation projects from two sources. The Congress annually appropriates — 


te part of the money and the remainder i is advanced by the water users as trust 


funds. At the present time (1951) Congress is appropriating about $3,000,000, 


rare a and the water users are advancing about $2,500,000. It should be understood — 
; ‘ that 48 of the 65 completed federal projects or Siatelonns of projects are operated. 
_ by water users themselves at their own expense without reference to the 
% federal government. A An example of this is the Salt River Valley Project i in 


Arizona. Ms ‘The | principal works operated | by the government at this time are 


Dison >» Programe and Finance, Bureau of Reclamation, U. 8. Dept. of the Interior, Washington, 
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the backbone facilities of the Central Valley Project in California 
: 4 and reserved works of reservoirs serving both federal and private lands on a: 

number of projects. only | completed irrigation projects w wholly operated 
_ by the government are the Rio Grande Project in New Mexico and ——— 
_ which the water users have consistently refused to take over, and the Klamath - 
For those projects for which appropriations are » made by “Congress, the 
benefiting water users are obligated to return the cost annually as determined 
by the Bureau’ 3 accounting system. Asa general rule the government 
covers the cost of operation and maintenance chargeable to appropriated | i 
_ funds within twelve months from the time in which the expenditures are weve 2? 
‘Raymonp A. An, M. ASCE- —The | by Mr. Flook is largely 
van Popes of the causes for operating waste, It i is not believed that the 


as operating waste evapo-transpiration losses cannot be reduced 

materially by improvements in operating procedure. Although failure of 
structures and breakdown of communications may occasionally contribute to 

the volume of apenting waste and , provision should be made to penvens such 


comments of Mr. Ballester should be informative to 
7 _ engineers in this country because they : are prone to think that their | methods as 
2 are the most advanced. The writer was surprised, however, to note that the % 
rotation system of deliveries had superseded the demand system (with apparent 
_ approval of the farmers) in the irrigation system in Argentina. It may be 2 
_ that the quantity of water available there for deliveries in rotation is sufficient — ae 
- to meet the maximum requirements on individual farms regardless of climatic — 
changes. Generally, however, ‘it believed that the delivery of 
water to meet crop requirements cannot be made under a rigid time schedule, 
i. fixed at the beginning of the water year, without substantial operating waste. _ 
gt ‘The remaining two discussions of the original paper have to do with costs 
2 of operation and maintenance. kh amplification of the tabulation | given by) 
=. Mr. Howard it is to be noted that the unit cost per acre on the Reservation Divi- : 
_ sion of the Yuma Project | has increased from $2.26 in 1940 to $3.60in 1946and > 
to $8.50 in 1950, exclusive of costs of replacements and improvements. Babahe 
- _‘The objection made by Mr. Golzé to the reference by the writer to manuals 
of the USBR is proper, and the original statement warrants explanation. 
The manuals and other data obtained from the USBR at the time of preparation — 
_ of the paper in 1949 did not include the edition of the manual to which Mr. 
Golzé refers. Neither was it intended to give the impression that many millions 


dollars are spent each year by the USBR for operation and maintenance, 


2 as it was realized that many federal projects or divisions of projects are operated | 


*“‘Operation and Maintenance Costs and Gross Cro per Bureau of 
Reclamation, U.S. of the Interior, Bay D. op pp. 
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by the users The: fact remains, however, that the federal 
government can and does exercise considerable control over the operations 
of all projects built by the USBR. = 

___It appears from the description of the irrigation accounts now in use on. 

ll _ federal reclamation projects that these accounts are fundamentally the same 

_ as those that have been used on the Salt River Project since 1943. These 

: patterned on the standard accounts prescribed Federal Power 
This system of 

ae accounts - has the great advantage of being usable by any operating entity, © 
: ‘regardless 0 of size. - Such detailed accounts as those described by Mr. Golzé 
can be kept wherever such detail is warrented by the magnitude of the costs; 


on the other hand, even a very small project can maintain the control accounts: 


- There is a disposition on the part of most organizations of water users on 
irrigation projects to no accounts a of income and dis- 
owned domestic w ater 
‘company must its costs in detail to its state regulatory 


body, and most municipal water make similar reports. The costs 


® ‘irrigation ‘systems. _ It is believed that the same benefits would accrue to 
fia irrigation districts and water users’ associations if their records of account 
were kept in sufficient detail to permit effective nanan control of such 
Golaé refers to the development of an schedule for replacement 
oof worn-out or obsolete structures and for the replacement of operating e equip- 
ment. Bo great has the need for replacements become on many federal rec- 
lamation projects that the cost of such replacements cannot be met now 
tes on a ‘ ‘pay-as-you-go” ’ basis. ~ Accordingly, the USBR is entering in into contracts | 
with the water users On many projects that provide for repayments over an 
extended of years of the costs of replacements that no longer be 

cs ae. In the opinion of the writer, reserves for depreciation should bed established 
+ has - every irrigation project, and the ) charges t to depreciation expense should be 
sufficient to provide for all replacements of property. ‘All public. ‘utilities 
J4 are required to take depreciation into account; there is every reason why those | 
responsible for the operation of irrigation projects sh likewise. As 


4 stated by the United States Supreme 

a _ maintenance, which is due to all the factors causing the ultimate retirement 

~ of the property. _ These factors embrace wear and tear, decay, inadequacy, 

and obsolescence. Annual depreciation is the loss which takes place in a 

year. In determining reasonable rates for public service, it is proper “€ 

include in the operating expense, that is, in the cost of producing the pe a 

an allowance for consumption of capital i in order to maintain the ey 
the investment in the service rendered.” 


of magnitude as those in the operation and maintenance 


{ 


versus Illinois Bell Telephone Company, 292 U.S. 167, 1934. 
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AMERICAN ‘SOCIETY oF civi ENGINEERS 


TRANSACTIONS. 


N OF PRESTRESSED 


the safe design of circular has been extremely 
ficult, mostly because exact knowledge concerning shrinkage and plastic flow 


oof concrete has been lacking. This paper contains new data for evaluating | = 


‘ ‘these phenomena and describes methods that make practicable the use of the _ ; i 
high strength of cold-drawn s steel wire. Such developments have made it possible 


= to design tanks and other large circular : structures on a rational basis, with the ed 
Bo assurance that an adequate prestress will be maintained to eliminate cracking Ry 

of concrete and that important reductions will be e made in the weight and in ss 
quantities s of critical raw materials required for their construction. nas 


The first important experimentation on of prestressing concrete _ 
began in France and Germany during the last two decades of the nineteenth _ ee 
century, principally in connection with the reinforcement of beams and girders. Re 2 


Patents covering these methods were taken out during this period in the United a “ Se 
_ States and in the principal nations of Europe. For many years, however, a Fie a 
a results were highly discouraging because the prestress i in the steel reinforcement eee at.” 


released and flow of the concrete. The early experi- 


1 Vice-Pres., The Preload Enterprises, Inc., New York, N. Y. lig 
2**Wie kann die Anwendung des Eisenbetons i in der Eisenbahnverwaltung geférdert w werden?” by M. 
“‘Idées et Voies Nouvelles,” by E. Freyssinet, Science a I Industrie, Construction et ‘Travaux Publics ay 
‘**Progrés Pratiques des Méthodes de Traitement Mécanique des  Bétons, by E. Freyssinet, 
Trevaur Ed., June 30, 1935, pp. 199-210. 
“Une Révolution dans les Techniques du Béton,” by) E. Freyssinet, Librati da’ et 


‘Developments in Concrete Making, by Freyssinet, Concrete and Engineering, 
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a 7 1950), Ewald Hoyer,® in Germany (1939), P. H. se in the United i 
States (1888), J. Mandl,® in Austria (1896), G. R. Steiner, in the United States 
jae (1908), and others discovered that they would not be able to prestress a struc- 

7 ture successfully until they could use concretes and steel of higher elastic v. values 
and higher strength values than those available at that time. © 
Large sums were spent to improve the quality of both materials, Mr. 
= for instance, , produced concrete that hardened rapidly, with com- 
pressive values in excess of 14,000 Ib per sq in. and used seintoreing steel that 
& an ultimate strength of about 200,000 lb per sq in. With these new 
) abana he was 8 able to us to use steel stresses sufficiently | high 60 t’ rat the e shrinkage — 
and flow of the concrete eliminated only. a small percentage of the prestress. 


= a result, important structures containing prestressed beams and 


the United States, most of the prestressing work has been ‘dot in con- 
nection with circular structures such as storage tanks, silos, and large- diatheter | ; 
pipe, although some small precast members such as joists and roof slabs have 
built. In 1920’s, in | finnesota and other | locations, 
-Hewett?* designed and built a number of water tanks whose walls were pre-- 
‘stressed with steel rods of ordinary structural grade. Mr. Hewett and 


Although many successful tanks were built under this assumption, it 
_ gradually became apparent that there were defects either in the designs or in 
_ the methods of construction. Occasionally there were serious cracking and — 
which could not be explained a and costly ‘repairs | hed to » be made. if Pneu- 
; eis - and domes of some of these early tanks, since it had metubair density and im- 
perviousness than ordinary concrete and because its use practically eliminated 
construction joints. - About 1941, however, it was rumored that the shrinkage _ 
rate of gunite was several times that of conventional concrete. _ These rumors — 
could 1 not be refuted, because of the lack of authentic data. 
Accordingly, an interested commercial organization, in collaboration with 
ae the Massachusetts Institute of T echnology (in Cambridge) and other institu-— 
cig _ tions, sponsored a series of tests to determine not only the comparative shrink- 
rates of concrete and gunite, but also the characteristics of these materials 
Ve with respect to shrinkage, plastic flow, and other factors that might affect a 
isk oe: As the results of these tests became available, 


=! 


De Stalsaitenbeton,” by Ewald Hoyer, Verlagsgesellschaft, Otto Elsner, Berlin, 1930. _ ‘4 


*“Zur Theorie der Cement-Eisen-Constructionen,” by J. Mandl, Zeitschrift, Onstereichischer 
_ Ingenieur-und Architekten-Verein, November 6, 1896, pp. 593-596; November 13, 1896, pp. 605-609. 


“Water Tanks of Reinforced Concrete,” by A. L. Hewett, Journal, A.W.W.A., Vol. 28, 1936, 
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‘ay _ SHRINKAGE AND PLastic Fiow 


have demonstr 
Pr drying out be dehydration. Curing has little effect on the ultimate amount 


of shrinkage. Franklin R. MeMillan has shown that concrete, if kept saturated hk: 


: with will not shrink, but shrinkage will progress rapidly as soon as con- 
7 “crete begins to dry." Resaturation will cause concrete to expand, but will not * 
return it to its seine! dimensions when shrinkage has been under way for any 
length of time. _Coneretes with low water-cement ratios shrink 
3 less than c concretes with higher wa water-cement ratios. Concrete that has been | . 


_ dried in a baking oven is subjected to maximum shrinkage, having a coefficient _ 


Tests reported i in 1946 show" that, over a 5-year period, , concrete wide a 
a constant load approximating 500 Ib per sq in. may attain a deformation ie ie pi 
defined by a coefficient of 0.0006. ‘Thus maximum sl shrinkage and plastic 
a flow may express a total coefficient of 0. 0016, which approaches : a release in 2 ev 
* steel stress of 48,000 lb per sq in., with Z, at 30,000,000 lb persqin. __ en 7 
4 Freyssinet** 4.5.6.7 has cited conditions under t which the combined losses 
4 - from n plastic flow and shrinkage in both steel and concrete have reached totals LR 
as to a coefficient of 0.0024, or of 72,000 lb per sq in. in steel. The ae: 
data in this paper, however, are based on the use of steels and éckaeeted of 
= unit values; and therefore the coefficients used for the computations ae 


and pneumatic mortar were under observation in the laboratories s of the 
Massachusetts Institute of Technology for more than 1,600 days. The results 
at the end of 400 days were published in 1946." These tests demonstrated _ 
that: (a) The concrete ‘specimens shrank about one third more than the pneu- eo “i 
atm 
‘matic mortar specimens; and (b) the extent of plastic flow in the concrete ee nt 
a 4 mens was greater than that in the pneumatic mortar specimens. = Anes 
Reinforced Concrete and Pneumatic Mortar Under Stress.—The most signifi- 
cant tests” made, however, were those designed t o measure the loss of steel Pe 


stress in reinforced concrete and pneumatic mortar under conditions that ; a 
1 paralleled as closely as those that would occur in n the walls of 
rE _ The specimens for the tests were 4-in. by. 4-in. bars of concrete and pneu- = 


, ‘matic mortar, 24 in. long. The mortar mix was 1:3 and the concrete mix was 
2.1:3.2. Reinforcing bars” were 3-in. and round rods, intermediate 


grade. Each specimen was made under standard testing laboratory cn 


% except that the pneumatic mortar bars were shot in the field by operators with © vx 

experience inhandling this materia. ¥ 


ss A“ Effect of Plastic Flow and Volume Changes on Design,” by C. T. Mews; Rept. of Committee 313, 
Journal, A.C.1., November-December, 1936, pp. 123-128. 


“Shrinkage and Time Effects in Reinforced Concrete,” by Franklin R. McMillan, Buildin No. 
_ Studies in Engineering, Univ. of Minnesota, Minneapolis, Minn., p. 29, Fig. 13. Ant Ts 


_--—--'13 "Theory of Plates and Shells,” by 8. Timoshenko, MoGraw- Hill Book Co., Inc., New York, N. pa 


“Shrinkage and Plastic Flow Seemed Conerete,” Howard R. Dean P 
CL , January, 1946, p. 232, Fig. 2, 
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The specimens were loaded by using external plates threaded rods so 
ars simulate, as nearly as possible, the prestressing operations then in use. 
a The sectional areas of the rods were adjusted to provide high, intermediate, 
we and low loadings for both the concrete and the pneumatic mortar specimens. 
7 ‘These values (in pounds per square inch) were, respectively, 2,390, 1,550, and — 
920 to 935. . Readings were also taken on parallel sets of unloaded bars to — 


Hee ‘TABLE 1.—Srupy o or Stress Losses FROM Howe 


‘Stresses,’ fe | Stresses, fe Stresses, fo 


Gunite 

o 

@) i. (4) (5) (6) @) 


Concrete section, Ae... . 1 45 17 | 16 
Steel section, As. ...........-. 1.18 1.18 (1.18 0.271 | 0.255 


34,330 | 32,515 | 2,390 | 2,390 | 150,000 | 150,000 
8, 50 600 | 129,370 | 125,650 
Loss of Stress (Line3—Line4):| | | 
In pounds per inch . 3 1,440 24, 350 
1 1 


1 


16 
0 


Steel section, As 0.44 
35,545 


15.100 | 10,000} 390| 275 795| 780 


0.44 | 0.44 
34,000| 920] 935 § 920 935 


| Concrete section, As.......... a7 | 16 17 | 


6 

44} 0.104 | 0. 0.104] 0.100 


Loss of Stress (Line9 —Linel0):}| | 
In pounds per square inch 20,445 | 24,000 660 20,445 | +24,000 125] 
Percentage (line 11 /line 9) a 13.6 160 | 13.6 


“Shrinkage and Plastic Flow of Pre-Stressed Conerete,” by H. R. Staley and Dean Peabody, Ir, J omen 


that could be be attributed to. and 
by deduction, to measure the amount of plastic flow. = 
i: _ Table 1 gives the stress losses i in the loaded bars at the end of 400 days sa 
reported by Messrs. Howard R. Staley, A. M. ASCE, and Dean Peabody, Jr., 
a. M. ASCE. These losses were the principal data which the tests were designed 
ss to. determine. The losses in steel stress shown in Cols. 3 and 4 were caused by 
_ the shortening of the. concrete and pneumatic mortar sections as the result of 


and plastic flow. ‘The bars were shortened by the 
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Before the results of these tests could be applied to the construction of tank , = 
a in the field, it was necessary to make allowance for a number of additional beg 
factors which experience has shown also may be responsible for losses of stress. ae e 
E _ The Staley-Peabody tests in Table 1, for instance, do not include losses 
n 


curred during the beginning of the tests, because the rods were retightened —— 


in the length of the respective was used measure the 


_ the end of the second day. The amount of loss was determined by examining — 
the unloaded specimens. _ There must be included, therefore, an additional — 
loss of about 3,000 lb per sq in. due to initial shrinkage (as determined by 
‘examining the unloaded specimens). A loss of this magnitude would certainly - 
take place if concrete was kept on aaa with water to the time when it was 


In a the tests were made a constant, temperature of 70° 


measurements, and other factors can easily for r an error 
aa Thus, the maximum oe. in pounds per square inch, that might be 


expected when using band pots and turnbuckles are as follows: _ 
000 
ad Initial shrinkage loss. pach an ‘000 000 na 


Allowance for how hamidity, from laboratory oven 00 


ee iation in rod 


‘With of this it can be seen ‘that, the 
‘initial prestresses, the tank walls reverted rapidly to an unprestressed state. ia 
Serious cracking and trouble due to tension in the concrete should not therefore — . 


surprising. ~The designers had not contemplated deformations of 
so great as those which 


~ flow of the concrete. In these respects the poorer concretes do not differ v daly 
r much from the better ones. _ There is a Temedy. The use of higher = 


counteract losses of stress due e to these deformations of the concrete. 
To illustrate, there has been included i in Table 1 a second set of values based ey re! 
on the use of the high- strength steel. sie steel stresses are assumed to 
been increased with relative reductions in steel areas. The loadings on ‘the weed 
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. iti in. should be included to take 
) | siderably lower, and an additional 4,000 Ib per sq in. should | cheer lt 
i During the supervision of numerous rod-stressing operations e 
~ the writer has repeatedly noted var 
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a same. . The amount of loss 88 in unit stress c of the - reinforcing will be the same as 
i before but the percentage loss is vastly different and this is the interesting 


_ feature. The unit stresses lost in both concrete and steel are now about 16% 


or less whereas with the e use of the ~eearene grade steel and comparatively low 


Furthermore, the use of the high-strength steel an overstress to 
_ take care of the small percentage loss so that the designed prestress is always” 
i within: the limits intended. For instance, if the reinforcement available is 
- strong enough to take an initial stress of 140,000 lb per sq in. and losses of 
_ 85,000 lb per sq in. in the steel are possible, although improbable, t then a working | 
a’ stress of 105,000 lb. per sq in. (140,000 lb per sq in. — 35,000 Ib per sq in.) is 
_ practical when it can be produced in the field. — Under such conditions there is 
always a residual compressive stress in the concrete. . ension of ‘concrete: 
results merely. in the release of compression. Bibbs a 


for such a design, it was first necessary to find a reinforcing Paid of high 
strength and elasticity. Cold-drawn, high-carbon wire e possesses these charac- 


_ teristics. The ultimate > strength of this wire varies from 200,000 lb per sq in. - é 


to 240, 000 ‘Ib per sq in., .. and it has a yield point of about 85% (0.2% by the 
offset method) of the ultimate. There remained the problem of applying the 
wire, under the desired stress, around the walls of circular structures. This 
ta was accomplished through the development of a traction machine that would 
simultaneously place and | stress the wire to the desired specifications without | 

any friction between the wire and the concrete. It thus became penstenanee ol 


_ Where ‘several layers of the wire are used, the inner layers act “with ‘ 
supporting | concrete, and, in 1 effect, take some compression. There is little 

_ of stress on this account since, under live load, the inner wires will expand with 

: nt the concrete and act in unison with the outer wires to take | their full part of the 
load. load resistance of the steel (R = will be in accordance with | 
its total sectional area (A,) and the average stress is (f:) ? R/A,, as would be 
the case with a cable composed of multiple strands. 
The use of the wire also has the adv antage that its modulus of elasticity. 

ae eras approximately 26,000,000 Ib per sq in. against 30,000,000 Ib per sq 
for steel rods. ‘Therefore, the wire will: stretch further (in inches per 


: pound of stress) than rods, within the elastic range of the material. Since — 


= ‘plastic deformation of the supporting concrete thus eliminates a smaller per- 


oS oe “a centage of the stretch, the losses in stress when wire is used are less than those 


tb addition, the wire-stressing operation is highly accu- 


4 rate. Where threaded rods are e used, variation i in stress, due to area edie 
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~ to 40, 000 lb per sq in. "Attempts have been 
pr a circular wall by jacking the wire at one , point; but it was s found that, 


unless elaborate n means were e employed to reduce this friction, it was impossible- 7 


to make the structure the c: case e of the machine- -controlled wire 
stressing, where the wire is already stressed before it comes in contact with the 4 
ow all, variations in stress are less than 3% of the initial stress. For this reason, piss 
- 35,000 lb per sq in. is an adequate allowance for stress losses with machine- _ an wg 
controlled wire stressing; but at least 40,000 Ib per sq in. must be allowed for ¥ 
4 prestressed rods with turnbuckles, and more than 70, 000 lb per sq. in. . if wire is is 
used which is s stressed after it is in ‘contact with the surface aa 


the friction coefficient and methods used to overcome it. 
Comparative TANK Designs 
It may be of interest to compare the band stresses in the wa 


water tank under designs using high- carbon wire, toda cand un- 


~ 


= 


“ 
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(a) PRESTRESSCO WIRE PRESTRESSED RODS) 


te stressed rods. Assume that: (1) The tank is to \Seee actin 1,000, 000 a 
gal, with an inside diameter of 90 ft and a water depth of 21.4 ft; (2) the joint — 
between the floor and the side wall is free; and (3) the maximum allowable 
stress in the concrete at the bottom of the well, due to initial stressing, is 1,000 br 
lb per sq in. The moduli of elasticity (in pounds per square inch) for the wire 
will be 26,000,000; for the rods, 30,000,000; and, for the concrete and pneumatic 
- mortar, 3,000,000. ‘The minimum yield point stress for wire will be 185,000 
lb per sq in. and for the rods it will be 60,000 lb per sq in. | 


prestressed tanks w designed using an initial stress of approximately 


By making use of the highest initial 
stresses, low it is possible to design a fairly safe rod tank 


such as that tows J in Col. 2, Table 2. Under extreme conditions, however, — 


be ruficient to: cause the walls of this tank to crack. 
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‘Figs. 1(a), 1 (b), and 1(c) ) show the thicknesses df the ree 


spective : shells i in n lines 1, 2, and 3, Table 2. — ‘The condition for design is based 
ona tensile stress not to 300 Ib per 8q in. for 3,000-lb concrete. In 
line 3, Col. 20, the maximum = 
gall ‘The design of the tank in line 3 is based on a free sliding base, and is thus 
comparable to the tank designs i in lines 1 and 2. If a fixed or hinged base had 
_ been used, the wall thickness would have less because the cantilever action verti 
_ between the floor and the walls would have absorbed some of the band tension m woul 
over the bottom of the wall. . The Portland Cement Association,* however, | actu: 
uses the coefficient of shrinkage of 0. 0003, whereas for these computations, 


TABLE 2.-— —CoMPARISON OF DESIGN N METHODS (Storace Tank: Ins 


(6) 8) | | ao | an | 


Prestressed rods 10 | 5. 1 - 5,000} 


Column 


4 1 Ta = maximum allowable initial unit steel stress. 


5 Jes = maximum allowable initial unit concrete stress. . 
“Ay = 825 X214 X45 _ 60,000 


of wa in inches = (in which C = 0, 


B = stress in steel empty), of per in. for line 1; and 40,000 Ib pe 


om i ha = stress in concrete = fot Ae (yi (with tank mow). after a loss of 35,000 lb per sq in. = line 1, and 


based on field observations ar and laboratory tests, the coefficient of stre 


i Therefore no consideration has been given to possible assistance due to canti- 

lever action between baseand 

_ _‘The most significant data in Table 2 are contained in Col. 20, which sets 

_ down the band stresses of the full tanks after anticipated losses have oe 
taken into account. It will be noted that concrete of the wire-wound tank still 
_ retains 78 Ib per sq in. of circumferential compression. The data - Cols.” 

15 and 16 agree with data reported by Torata Matsumoto in 1921. a 


_ “Circular Concrete Tanks Without Prestressing, ” Bulletin No. ST-57, Structural Bureau, ae 
‘Cement Assn., Chicago, Ill, October, af A. 


, 4 “A Study of the Effect of Moisture Content Upon the Expansion and Contraction of Plain and 
Reinforced Concrete,” by — Matsumoto, Bulletin No. 126, Univ. of Illinois Eng. Experiment Station a 
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Cols. 22 and 23 are since show what would happen 

general cracking in a vertical direction should take place. ‘With the un- 
stressed tank, leakage due to an increase in the circumference of the walls 
would be e substantial. . With the prestressed rod tank, insurance against vertical s 
would be partly dependent on the tensile values of the concrete. 
vertical crack in the wire-wound tank would not leak; and the steel unit stress ae * 
would not be increased on this account. This has been proved repeatedly by 
actual conditions in the field. Before being banded with wire shrinkage ¢ cracks, 
as wide as } in., have frequently been observed in tank walls. 2 _ After the pre- 


DIAMETER, 90.0 Fr; Hereut, 21.4 Fr; Pius INDICATES on)* 


ANALYSIS AFTER Assumep Losses ror Piastic DEFORMATION | VerticaL Cracxine> | QuANTITIES* 


bia 22° | crete] force- 


as) | ae} a7] | (9) | coy} (aay | (22) | (23) (25) 
-105,000} +750} .... |.... —5,820 | —110,820}/+ 78| —5,820; | 0 

5,000] +110 8 | -2,180|— 7,180] —107 | —2,180|— 4,820 | 0.54 


+16,300 167 —132 | —1,320|}+ 14,980) —299 | —1,320 | —28,980 | 3.25 | 66 


compression rods = i = 0.0006. ut 


= unstressed tension rods , as in ‘Circular ¢ Conerete Tanks Without Preatressing,” 


Alt 
Bulletin ST-57, Structural Bureau, vortland Chicago, Ill., October, 1947, p. 42. 


= steel stress caused by fillin tank = n fed. 
for Col. 15) plus Col. 
2 20 = Gol. 14 (or Gol. 16) plus Col. “(full tank). 
rai = change in steel stress caused by filling the tank, = 
u te + Je = change in steel stress in the case of cracks from any cause (Cols. 3 to 39). = 


= maximum increase in circumference of tank = 90 x 12X xX 
volume of concrete in the straight wall, not footings. 
‘Stress analysis for for the case of of of vertical cracking. Bend | reinforcement ‘and concrete. 


. ‘stressing had been completed, these cracks were not only leakproof, but they 


could be detected only under close scrutiny, 
i, ‘It is difficult to fix a factor of safety for a tank structure because, tee » 
Pic eg overflow pipes limit the head to that of the design. Should the 
_ tank be covered with a dome, it is usual practice to place a hatch near the dome y 
_ ring which will be pushed open by the liquid if the overflow pipe should become 2 
stopped up; therefore, the principal factor desired is safety against cracking. 
In the - of prestressed wire walls there is a real factor of safety in this 
respect. With unstressed tanks, this factor does not apply because, by virtue 
of the foregoing calculations, they must crack unless the tensile strength of the 7 
sue is sufficient to carry all loads. In other words, the concrete walls —_ 


the conventionally designed tank must carry not only the hydrostatic load but A 


he the expansive stress of the rods, which become compressed by the — 
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PRESTRESSED TANKS 


of the concrete to about 16,300 lb per sq in. (Col. 15, Table 2). This condition © 


i kh designing the sae for | the walls of a prestressed tank, it ‘must | 4 

: be kept in mind that the conditions are different from those for the reinforce- a 
of a conventional tank. W ith the latter, aside from shrinkage, the 
; principal factor is the radial fore exerted | by t the liquid, and its tendency to 


tank the bending forces are reversed. If 
_ shrinkage ar and plastic flow did not have to be taken into account, the. ne radial rr 
inward forces of the prestressed reinforcement would be designed to counter- _ 
balance exactly the radial outward forces of the liquid load. Obviously, when Ae 
the tank is empty, the radial forces exerted by the prestressed reinforcement we 
_ unopposed except by the concrete. Consequently, moments are developed — f 

in the walls, and vertical reinforcement must t be provided | to take. care of them. 
‘The computations of such moments are complex. In effect, : a circular w wall 
_ is a cylinder or a deep ring. It is not correct, therefore, to consider a unit 2 oe 


vertical section of the wall and assume that it is acted upon asa simple beam 
supported at the ends. Circumferential ring stresses, as well as the moments __ . 


due to bottom and top connections, must also be taken into consideration. a 5 

_ §. Timoshenko" and others have analyzed these conditions. Excellent + | 
for use in the computation of such moments, based on Timoshenko’s- 
_ work, are available. _ The steel sectional area in the tension faces of the tank _ 


3! wall, required to take the stresses as computed from the moment tables, is 


ASS 


in which d is the effective of 
betw: een the e resultants o: of the compressive and tensile stresses to the stostiee® a 
depth. 7. ‘However, in usimg the tables, it must always be remembered that the = 
tension faces of the walls of a prestressed tank are exactly opposite to those of a ae 
conventionally "designed reinforced tank, because the stressing of the >horizontal 
reinforcement causes the walls to bend inward. When the tank is filled, _ the - 
‘liquid load will serve only to reduce this inward bending. 
pees In addition, the tables are predicated on the use of hinged and fixed Ww alls. 
‘Thus they do not quite fit the conditions assumed for the designs i in Table 2 
_ which, for purposes of comparison, were based on the use of a free sliding soln. 
‘This joint, however, cannot be considered free i in the s sense e that it ‘Slides easily 


ere New computations were therefore made on the assumption that a free 
’ sliding joint has a friction coefficient of 0.5. _ This ratio, based on the writer’ “ee 
observations during many field construction operations, ‘Seems sufficiently 
accurate for practical purposes and is on the side of safety. - Moment curv a 
« based on the ‘use of kind joint the wire-wound tank 
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-PRESTRESSED TANKS 


"resulting from the of the band reinforeement is 2,850 
and it exists about 3.8 ft above the floor. vad bie 


Using Eq. 1, the steel required for the inside face of the wall ‘will be; 
= 0. .35 sq in.—which ordinarily in 


use of nonprestressed §-in. round rods on 10-in. centers. ‘This type of r rein- 


; en is illogical. It would resist shrinkage of the concrete and set up 


stresses in both steel and concrete, as follows: fe = TT 
_ 3,000,000 x 0.0007 x 0.0042 x 10 _ 


stress in the steel resisting this tension | in the | concrete is, isan ea 


84 X 85 _ +2 0,000 lb per 8q it in. 


‘Bond failure might reduce this s some extent; in a any the 
steel could not resist any part of the moment until after the concrete had 


Fur thermore, the prestressing i imposes a continuous'load on the concrete of the Re 
walls. When the tank is filled, the circumferential stresses will be partly — 


- * released by the liquid load, thus reducing the effects of plastic flow. There — 


will be no release vertically. - Therefore, to maintain actual resistance to wall 
moments in large tanks, it is necessary to include a large amount of prestress _ 
“Many designers have believed that no useful purpose would be by 
_prestressing tank walls in a vertical direction. The writer has inspected more 
than 100 conventionally designed reinforced concrete tanks and silos, and has SS 
found horizontal cracking in the walls almost invariably. Such cracks not 
only disfigure the structure, but also result in leakage which may cause carly 
loss of the tank due to freezing and thawing of water in the fracture planes. 
The w writer’s experience with tanks that have been prestr essed circumferentially + 
_ also strongly indicates the need for vertical prestressing. Since about 1942 
_ approximately 50 tanks have been built under designs using vertical prestressed | © 
steel as described herein. Results have been most satisfactory and no repairs ae 


4 The prestressing of the vertical has been difficult and ex- 


"pensive. Since 1942 several methods have been employed with varying degrees an 
- of success, but it is only recently that fully satisfactory results have been © a 
achieved. e For small tanks whose side walls are less than 15 ft high, conven- ie 
tional reinforcement has sometimes been used. number of larger tanks has 
~ built with | prestressed rods as the vertical reinforcement. — Although this 

_ method was expensive, the results 1 were sometimes satisfactory when the rods 
use of slip rods, that is, rods e covered with a a plastic, was very ran a oe 

ie This is illustrated by the history of a 2,000,000-gai tank built during World © es : 


War II for the United States tes Navy Department a at ite | Great Lakes ‘Training 
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orizontal Prestressed 
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Station. Soon after completion, horizontal. cracks developed in the walls. 


— Leakage was substantial, and attempts to control it by patching and grouting J 


the concrete wall were re unsuccessful. After several months it was found, 

- examining the nuts on the top of the rods, that the stress of from 35, 000 Ib 
-~iper sq in. to 40, 000 | lb per sq in. which had originally been | imparted 1 to the rods — 7 
had The rods were retightened; leakage” wa 


were again ‘loose. - Results were similar when slip rods were uae f in other tanks. 
Large cracks, concentrated i in a few locations, invariably appeared. 


In later tanks smaller rods of intermediate grade were regularly used. 


Vertical slots were left in the concrete of the walls into which the rods were a Ca 


placed with anchors at the ends. _ They were then stressed to about 70, 000 ,. i 


dbp per sq in. n. after which the slots were filled with 1 gunite thus bonding the rods Te 
into the wall concrete. . For a time this seemed to be good praetice. Later a 
however horizontal cracks appeared in some of the larger tanks indicating that 
shrinkage and plastic flow were eliminating the prestress of the rods to a degree o 
” Asa result it became evident that vertical shrinkage and flow in the concrete 7 
of tank walls are more dangerous than those taking place circumferentially and ’ 
that a at least an’ equal ‘amount ‘of overstress must be included to ‘maintain — 
- continued resistance to wall moments. The use of the high-strength, cold-— 

_ drawn wire was again indicated but from a practical standpoint it was not a Ps 
‘feasible until recently \ when machines were e developed which would economically 
_ place it to the desired stresses. With the aid of these machines the vellegl oe 
wire reinforcement is now regularly used at stresses slightly under the yield 

3 - point: and in quantity to provide ample additional unit ; compressive | stresses in 
q ee. the walls, not only to take care of shrinkage and flow losses, but also to guard — as 
against temperature stresses which are incurred | by seasonable weather changes. . 

3 _ The prestressing of the vertical wires alters, somewhat, the moment condi- — 


1 o tions that will exist after the band reinforcement has been placed. In Fig. — 


- 2(c), the combination curve shows | that the point of maximum moment i is at an 
approximate elevation of 4.5 ft. At this elevation, the moment induced by 
Ea the band reinforcement is 2,600 ft-lb and that due to eccentric loading of the _ ; 


‘Using the conventional formula for the determination of the sectional area pie 


of the vertical reinforcement: M A jd; or A, = 2,600 x 12_ 


= 0.035 sq in. In this example, d= 6.8 in. rene of 5.5 in, as in the un- 
‘stressed examples, and f, is 145, 000 Ib per 1° sq in. The difference in depth — 7 
explains the reduced area Ax, Pin 
ws The wall of the empty tank h has no vertical 8 ‘stress from shrinkage but will 


os Direct compression caused by the stressing of vertical wires; — caine 


_ (c) Stresses in the inside and outside faces due to eccentricity of prestressed an 
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For this ty pe of vertical reinforcement the summary in Table 3(a) shows — 
oS excellent condition with regard to shrinkage and flow. Both faces of the 
wall have a substantial surplus of compressive stress. 7 However stresses due 
variations in temperature must be added. "Experience dictates that the 


sectional areas of the vertical wires must be considerably increased to provide ok 


"some circumstance during construction, a hor izontal fracture or weak plane 
= been left in the walls. ‘Until the development of the machines for the 
vertical prestressing, the cost of the extra reinforcement was such that the 
- engineer, unless he was very sure that it was needed, hesitated to require it in 
specification. The extra amounts required might vary with the locality but — 
in general it would seem good practice to maintain a sufficient amount of ‘4 
’ residual stress horizontally across the wall section to exceed the unit pressure : 
caused by the liquid by a large factor of safety. 


7 7 
Ads The values shown in Table 3(a) are for the conditions that will iii at 


the instant that wire winding is completed. Subsequent losses of stress due to 


Shrinkage and plastic flow will be substantial. After 4or5 years, however, 


7 % ‘most of the: shrinkage and flow will have taken | place. Table 3(b) has been pre- 


pared to cover this condition, and shows the vertical stresses remaining after - 


all anticipated losses due to shrinkage and flow. The Joss of stress in 


i vertical wires is assumed to be 35,000 Ib | per sq in., , and thus the stress remaining — 
2 in these wires is 145,000 lb per sq in. The respective columns in Table 3( (b) 


a, show the approximate ‘Stresses | in the concrete resulting from the vertical wire i 
rah 
prestressing and the vertical and circumferential loads. 


_ Despite the large amount of shrinkage and flow assumed to have taken 


"place, there i is little change i in the vertical stresses from those wot in Table ‘1 


3(a). ‘The tank walls are stable and will not crack as has been r 


demonstrated by tanks reinforced i in this manner. 


Tue CONSTRUCTION OF PRESTRESSED CIRCULAR 


plaaiaes gained in the design and construction of more than 500 tanks — 


“and other large annular structures leads to the following observations. 


best results, the concrete throughout the ta tank must 


_ = dense and free from voids a nd pockets. This can be accomplished through 


eareful workmanship. An factor less than 8% or 10% should 


Mes prevent the concrete from Stisinhegreting.. be because of freezing, thawing, or* 


Pneumatic Mortar or Gunite. —An encasement of pneumatic mortar has 


7 % stressed. Steel wire and rods coated with pneumatic mortar have been free a 
from rust after exposure to tidal water for more than 25 years. 7 There i is no 
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coating of good pneumatic mortar half an inch or more in thickness. ‘This | 


tnd 


. ffl he bond between pneumatic mortar and wire is excellent. It can be 

* readily demonstrated that a through cut in any of of the wires encased in pneu-— ody, 
matic mortar will result in negligible loss of stress. The increased diameter rofl 
wy the ends of the bonded wire, due to the release of stress, will prevent such loss he 
at the point of rupture. Should more th: than a a j-in. thickness of pneu- 
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4 
mortar conducted by the University of Toronto (Toronto, Ont., Canada) a 


| ‘Five Years 


Computation — Computation | side 


of dome and wall. .. 1384+. + 30 
000). 61 


Booentricity, 


3 


e) 
Add full tank, 


The instant that wire winding is completed. Assuming 


matic mortar be applied, a layer of light wire mesh should be insluded. to Be 
prevent sagging and reactions caused by temperature differences. 
igh-Carbon Cold-Drawn Wire. —The high-ca carbon, cold-drawn. wire used 
tee the horizontal and vertical prestressing of tank walls is one of the most a 
reliable of all pee co materials because of the > repeated aoe and reworking 7 


he wire is 


repellent paper to prevent rusting prior During the 
7 
operation, each coil is jointed to— the next coil by special, patented, spring- — 
loaded splices. Tests made under the supervision of the writer demonstrate ; 
that less than 5% of the stress originally imparted to the wire will be lost from 


a ¥ 17 ‘Gunite as a Protection for Steel Structures,” a Peter Gillespie and P. J. Culleton, Bulletin Wo. 4y a 
“Univ, Toronto, ¢ Ont., ‘Canada, 19 1926, p. 109 6.0 lo lanoidosa ean 
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PRESTRESSED TANKS 
=~! or plastic flow of the wire through the passage of time. Fig. 3 illustrates _ 
a self-propelled machine that winds wire around a tank at the uniform unit 
- stress of the design, thus placing the walls in permanent circumferential com- 
‘ten! The operators on the ground are applying a pneumatic mortar coat 
_ that bonds the wire to the structure and protects it against corrosion. 1 
Floors.—It is of the utmost importance that the foundation for the structure 
be stable, especially where the joint between the floor and the side wall is free. 
Until recently dowels ha: have been included to tie floor and side walls rigidly 


toe. i ‘Where this pra practice I has been follow ed, there have ve been no difficulties — 


= 


. 
~ 


Fra. 8. Macme Taat Winvs Wire Anounn Stress 
at the joint, Where the side wall is tied to the floor, the wall 
_ serves as a deep beam and supports the edge of the floor against settlement, — » 
‘ although the edge of the floor must be relatively thick to take the increased — 


_ shear stress, In general, a fixed joint is used with tanks having diameters less 3 
ie@ than 100 ft. If free joints are desired, , however, they can be made bottle tight 4q 

‘ag Experience indicates that relatively thin floors with a high percentage of 

a reinforcing steel will be the most watertight and permanent. If pneumatic — 

: ‘z mortar is used, a floor approximately 2 in. thick, reinforced with wire “a 


“4 having a sectional area of 0. 57s will conform best to earth ‘movements with 
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‘PRESTRESSED TANKS 
ess leakage. oY will. ee prevent the passage of any tion water under heads 
of 100 ft and more. This is in accordance with the history of such floors a e 
‘may 
may be demonstrated by the use of hy< draulic testing machin 
iy _ Where a poured concrete floor is used, a 4-in. thickness with a {-in. topping om 
of pneumatic mortar i is ae if the sectional ¢ area ¢ of the reinforcement 


is to be filled, will effectively seal any shrinkage cracks that may occur ——— 7 


_ After the floor has been poured or shot, it must be kept saturated with 
a until the walls have been constructed to prevent it from shrinking until — a 
time. By using this procedure the walls and the floor will shrink together 

_ to some extent, and thus prevent excessive moment in the walls. | This pro- — 

cedure is mandatory when floors and walls are > doweled t together. 
ee ‘Thicker conc concrete floors with smaller percentages of reinforcement cannot Lids 
be expected to bend or conform to earth movements without cracking and Py, ie 
addition, they require expansion joints, which almost always leak. 


on 


| Walls.—Sufficient surplus stress to offset maximum shrinkage and plastic 


: of concrete must be imposed on both horizontal and vertical wall reinforce- 4 


‘ment. The minimum surplus a allowance for successful circumferential pre- 
stressing should not be less than 40 ,000 lb per sq in. for rod reinforcement or 
35,000 Ib per sq in. for high-carbon, cold-drawn wire. The apparatus for 

circumferential prestressing with wire (see Fig. 3) is a self-propelled traction 
= hung from the top of the tank, which travels: continuously around the 


loaded take-up ‘maintains the tension for adequate traction. An 
7 automatic power drive controls the vertical movement of the machine insuring _ 
accurate spacing of the wire (Fig. 4), which is taken from a Teel generally = 
: ‘The desired stress is imparted to the wire by drawing it: through a an aperture 
smaller diameter. 
machine registers the load being imparted to the wire. "Wire. winding 1 may 
_— start at the bottom or the top of the wall from an anchor set in the concrete. my P 
arger tanks, the walls / may require several layers of wire; if so_ 
wen" is no added difficulty. _ Each layer is covered with a minimum thickness — a 
_ of pneumatic mortar and then ¢ the succeeding layer is applied. bees q a 
3 = ‘In view of the large number of wires ‘required for the vertical prestressing a, 
: of large tanks it has been necessary to develop special techniques and equip- a iy 
_ ment to place and stress the wire in groups of six or more. For large tanks” aa 
special anchors are placed in the concrete at the top and bottom of vertical 
keys on the inside face of the wall. _ An assembly of wires is then affixed tothe _ 
3 top anchor, and is stressed at the floor level of the tank by a machine that | 
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“a Sete anchor when the wires have reached the proper stress. Bf Sometimes, 

_ the wires are anchored in the keys at the bottom of the wall of small tanks and — 
are stressed individually from the top of the wall by hydraulic jacks. As each Be 
wire is brought to the desired stress, a special anchorage device is affixed to the 4 


Po - _ wire to hold it in the stressed condition. In both large and small tanks, after a 
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Fic. 4.—SPacine anp CovERING oF Wire a 


wire into ‘the main body of the structure, and to ‘protect the wire 
permanently from corrosion. Recently in order to provide 1 more reinforcement 
for very thick walls, cable assemblies with cast anchor plates at the top of the a 
were usea ‘These cables are assembled as “hairpins” and ai are sheathed 
to provide the slippage which occurs during the stressing operation. The units 
are placed in the walls during construction. 
 Domes.—It is not within the scope of this paper to discuss the theory and — 7 
design of prestressed domes, which have been thoroughly ozamined by M. F. 
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_-Fornerod, M. ASCE. is sufficient to state that for with 
proportionately hi igh band loads, thultiple layers of high-carbon wire may 


eoncentrated economically and efficiently around the points s of maximum 
reaction by the previously described machines. The cost « such domes | is 


rectangular truss and precast roof construction. These which are e only 
‘a few inches in thickness and eliminate the need for supporting columns, are ~ 
Although dome roofs of this type were developed principally in connection es 
with tanks, they have been adapted to other structures such as sports arenas, fF 
aircraft: hangars, ‘shopping centers, and motion picture theaters where an 


- ahictiatPtdeted roof surface which permits good natural or artificial light diffusion 


__ One of the principal purposes of this paper has been to discuss and analyze 
the results of tests conducted by the Massachusetts Institute of Technology 
to measure the shrinkage and plastic flow of concrete under stress, and to call 
attention to their importance in connection. with the design of apa 


3 concrete structures. These tests have proved that shrinkage and flow can a 


sufficiently great to nullify most of the prestress which designers: 
attempted to impart to the wall reinforcement of tanks and other circular vm 
_ The failure of many tanks is thus accounted for. 
On the of these t tests and other tests it is disclosed that, using unit 
steel stresses, developed without friction, ‘considerably in excess of 100 000 
:- per sq. in., a balance of prestress, ample for working purposes, can be main-— 
tained in the reinforcement after all losses due to shrinkage, plastic flow, ‘and — 


& In the case of tanks and other large circular structures the required steel 


‘the desired specifications, shins making possible the ceomnniisiel construction of 
Nh of very large diameter and capacity, and, , when desired, of large-span, 
thin-shelled dome covers, 3, unsupported except at the bow 
wae Most of the designed dimensions for prestressed circular structures are 7 
based on actual tests and | simple, direct computations that do not ot require =a 
complicated assumptions necessary for conventional reinforced concrete. 2 am, 

_ This paper also presents certain observations from experience on the con- | 

struction of prestressed circular structures. When all factors are considered, 

it. seems conclusive | that large annular ‘concrete structures, reinforced vith 
rs highly prestressed wire are more rational and safer than those built of con-— 


reinforced concrete. Fortunately, because of a saving in 
labor and materials, together with low first cost and maintenance, prestressed 


19‘*Prestressed Concrete Shell Roof Construction,” by M. F. Fornerod, Publications, International 
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MENSCR ON PRESTRESSED TANKS 
L. J. Menscu,” M. ASCE. —Tanks and pipes are the most logical applica- 
tions of prestressed concrete. As early as 1912 the city of Hologna, Italy, | 
had a high-pressure prestressed pipe line built on the Siegw art system. Other — 
4 early pipe lines have been reported from Switzerland and F rance. 
Sad : Prestressed cast iron water pipes and guns have been i in use since 1850 i in 
peekty England, , and the United States. ‘Wire-wound guns had been built i in 
_ various countries since 1890, using wire wi with a ‘strength of 225,000 lb per sq in., 


Ws 


- long before such wires had been used for p prestressed concrete. High strength 

4 concrete of 10,000 lb per sq in. for concrete pipes was being made before — 
1920. Wire-wound ‘wood stave pipes, tanks, and barrels have been used very 

“4 extensively i in the United States and seldom have failed by tension i in the steel. a 


ailure u usually y was due to. filled, ¢ or to cone 


From an experience with several hundred tanks the writer can mention the 
_ following reasons for unsatisfactory performance of some early concrete tanks: 3 
1. The earliest tanks and pipes were of a concrete mixture of 1:3: :6; later 


richer mixture, especially. for elevated tanks. 


2. No adequate waterproofing was used European practice regarded three 
coats of rich mortar linings, each about } in. thick, as absolutely 1 necessary. 
‘. Here waterproofing was provided only after it was discovered | that the the tanks 
a leaked and the face of the tank was disfigured. This gave the waterproofing — 

4 contractors a chance to charge a high price for their wo work. he A two- or three- 
coat membrane lining of high grade asphalt did a good job; but, if such a = 
lining were specified in the beginning, a great deal less concrete and steel could _ 

a - have been used, and the resulting saving would have paid for the waterproofing. & 

s 8. The joint of walls and bottom was poorly designed, and the joint broke _ 

when the tank was filled. This was emphasized in the past.” heared” 
 ——s ,-' There was always a leak where a sliding joint was used. To the writer’s _ 

q Filton, a sliding joint was s first u used for a concrete standpipe i in| the city of 
- Fulton, N. Y., in 1913 and proved unsatisfactory. A very large and high g 
_ prestressed standpipe was built about 10 years ago i in Cincinnati, Ohio; Pt -_ 


= mixture of 1:2:4 was thought rich enough. Experienced builders used a 
¢ 


5. No adequate waterstop | was used in the joints of tanks when concreting 
Diseussion by L. J. Mensch of ‘‘The Relation Between Deflections and Stresses in Arch A 
F. A. Neetzli, Transactions, ASCE, Vol. LXXXV,1922,p.309. 
Discussion Circular Concrete Tanks,”” by George 8S. Salter, ‘bid., 
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6. ‘The walls of must be liberally reinforced ed vertically. One-half -in 
bars placed 2 ft on centers will not do. As the author showed, there are 
serious moments acting in the walls, tending to produce horizontal cracks a 
the tank is loose or fixed at at the bottom. In cracks are 
by the sun shining on one side of the tank 
tanks were not built of exact circular shape. uta 
We quite agrees with the in line 1 of Table 2 a 


& sided ‘sunshine, large temperature yor ice formation in the 
eae oe author ‘considers the wall resting loosely on the bottom and assumes 
a ‘coefficient of friction of ‘one half. i Serious cracking can be observed “fl 
> structures with sliding joints in which no ‘0 sliding steel plates well 
covered 1 with graphite were provided. is nearly impossible to produce 
plane surface a radius of 45 ft for th the tank under d discussion. -Varia- 
, _ tions of ¢ in. to } in. in both directions would be considered excellent work. et 
o Hence 1 the friction may be much greater in some spots than in others. . The fic 
should explain how the coefficient of friction was arrived at. Assume 
that the movement during prestressing at the bottom was measured. ‘Then, 
by a very difficult chain of reasoning we can guess at a formula for this move- 
- ment containing the unknown modulus of elasticity that may vary from 
3, 000,000 to 5,000,000 lb aa sq in., and then the coefficient will vary in pro- 


Another effect is not mentioned. The concrete wall does not remain 


vertical but has a slope of about 1 to 1,000 at the bottom that will cause break-— ee 
_ age of the inside corner in sliding. “Tn addition, the fo formulas offered by - 
nad Fs Portland Cement Association" are valid only for walls of ‘uniform thickness, ve 
and as the author's: s tanks have | variable thickness from bottom to top, use 
of these formulas is of doubtful value. If) proper sliding cannot be obtained, 
i then the moments i in the tank walls may be three times as great as those shown - 
in | Fig. -2(a) which m may explain the cracks found by the author in some tanks. rt a 
7 a The use of 2-in. domes in tanks 100 ft in diameter is to be coded, ‘<i 
_ While the « compression in the concrete under full snow load is only | 95 lb per 
sq in., ‘there are many secondary stresses which will crack the dome i in time, 4 i 
; such as stresses due to prestressing, sunshine, moisture variation, and deviation — sy a 
wa The choice of the unusual wall thickness of 34.6 in. for a conventional a % 
concrete tank 90 ft in diameter and 21.4 ft. deep was not wise. A great part = 
of the water pressure will be taken up by the cantilever action of the thick wall 5-- = a 


and transferred to the base slab. This base slab will ce crack even if 
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ved near the outside of the tank wall. 
that all circular reinforcing steel be placed near the of the 


‘SAWYER ON PRESTRESSED — 


i 
the will fail at 33% less water pressure than if "the horizontal 


placed near both sidesofthe wall™ 
__ b. Successful practice shows that such wall thicknesses are not necessary. F 
1918 a 3,000,000-gal tank was designed for the city of Lansing, Mich. Itw 
152 ft in diameter and 21 ft high, and according to the author such a ee : 
should have had a wall thickness of 58 in. Actually, it was made 24 in. thick 
7 a the bottom and 12 in. thick at the top and had a well-designed connection 
with a thickened base slab. It never leaked in its 33 years of existence. 


_ Another tank, designed in 1910 by the same firm for the town of Norway, Mich. __ 


<a 35 ft in diameter and 40 ft deep. — According to the author the wall should. 
have been 25 in. thick. It was actually 12 in. thick and was so satisfactory 
ane that the city built another tank on the identical plans a few years ago. This — 


“tank was s subjected to unusually severe trials. Sub-zero temperatures of il to 


when reinforcing is stressed to 20,000 Ib per sq in. On this basis all rectangular 
tanks ought to crack and give trouble. - Very long tanks crack on account of 


but can be ‘easily repaired. The writer has built many rectangular. 
= tanks and has not found that they leaked because of flexural laa 


writer wishes to out that in — 15, the steel stress due 


4 al» 


ta as this 

is a very slow action and becomes } or less of the initial Good 4 

« practice requires that not only the tank bottom but also the tank walls be 

oa kept wet for a long time, thus resulting in a much smaller coefficient of shrink- 

age. _ There is no question that prestressing saves a great deal of vidaenity in 

4 tanks, high pressure pipes, and culverts, when properly designed. Ft ‘aid 

‘Herpert A. Sawyer, A. M. ASCE.—The experimental evidence 

presented in this paper for the behavior of high-strength steel reinforcement isan 

extrapolation of the data presented in 1946 by Howard R. Staley, A. M.- q 


ASCE, and Dean Peabody, M. ASCE, involving much lower strength steels. 


= 


Bericht’ No. 27, Laboratoire Federal d’Essai, Zurich, Switzerland, 1927,p.8. = 


monstr: 


Associate Prof. of Civ. Eng., Univ. of Connecticut, Storrs, Conn. 


= Shrinkage and Plastic Flow of Pre-Stressed Concrete,” by Howard R. Staley and Dean Peabody, 
-, Proceedings, A. C. I., Vol. 42, 1946, pp. 220-24. 
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steel is significantly higher tha important in prestressed 

Load. The total stress loss from it will be worthwhile to - 

eae losses carefully, 8 8 8 idered in the extrapolation of the 

Bee ae sider these lo ld be considered in the ex : ment: 

following six factors sh in high-streng 
2 The follow six i tress loss in 1g 
OL: follo in the stre of concrete; 

-Peabody data to obta ; (2) the elastic strain j 
Staley in concrete; 
lastic flow and stress 


SAWYER ON PRESTRESSED 1. 
(3) the effect: the (5) the modulus of elasticity of 


"better maintined by the high-strength steel than it is by the low-strength st, 

- plastic: flow of the concrete with high- strength steel will be grea ater than with Ss 

low-strength steel. J, R. Shank* has shown that the rate of plastic flow is < 

approximately proportional to the stress for stresses of up to 50% of the ulti- on 
i ‘mate, and the Staley-Peabody tests fall in this range. ie For this discussion the 

plastic flow is assumed to be proportional to the average of the initial and final 2, 
stress in a member. This ‘assumption is accurate enough for present purposes. 
A more accurate solution, for which t there i is not data, would involve 


“the solution of a very complex expression with time, plastic flow, eh 
stress, and creep in the steel as variables. 
Elastic Strain of Concrete.— —Concrete which is gradually losing compres-_ 
sive stress expands elastically, and this expansional strain component. ; partly 
cancels out the contractive, stress-reducing, strain components from an. 
. This cancelling-out effect is smaller with 
_ steel because less ocnenets stress is lost with high-strength s steel. he 
(83) Effect—Loss of stress from shrinkage and plastic flow 
£ based on a a period much longer than the 400-day losses of the Staley-Peabody" 
tests. _ According to tests at the University o of California, 27 in Berkeley, roughly — 
— 80% of the total deformation from plastic flow occurred in 1 year for specimens | Se 
under constant load. _ Of course, a correction must be made for the decrease i in 
load on prestressed o eonerete. Also, according to tests s reported by Raymond E. 
-Davis,?* roughly 75% of the shrinkage in 10 years takes place i in the first year. a 
_ This percentage, based on tests performed about 1910, seems low. In computa- - 
"tions that follow, the shrinkage at 400 days is arbitrarily assumed to be five r; 
sixths of the shrinkage at 25 years. Of course, changing moisture conditions — be 
would change these figures. The v values given have been estimated for -condi- 
tions similar to the Staley-Peabody test conditions, which, in terms of humidity 


and. loading, are severe and conservative e and correspond t to those ‘Pertaining to Ps 


tank wall retard shrinkage. Obviously few, if any, tanks could be de- 
signed for this assumption. Incidently | it follows that the water-tightness of 
_ prestressed tanks under all conditions cannot be judged by the behavior of tanks 


that have very rarely been less than two thirds full . Keep them busy, and they a 
, The tests of Messrs. Staley and Peabody were conducted in the Department oe 


of Building, Engineering, and Construction at Masse:' -usetts Institute of. 


Technology in Cambridge. This department. has continued observation 
5 the specimens of these tests and has kindly made available the more recent data ay 


“The Mechanics of Plastic Flow of Concrete,” by J. R. Shank, Proceedings, A.C.L, , Vol. 32, 1936, 
Plastic Flow and Volume Changes of Concrete,”” by Raymond E Harmer E. Davis, and 

¥ Elwood H. Brown, Proceedings, Am. Soc. for Testing Materials, ol. 37, Pt. ie 1937, pp. 319-320. 


eaten Changes in Conerete,” by Raymond E. Davis, Proceedings, a C. 1, Vol. 26, 1930, p. 429. 
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~ ee concrete, the time effect of shrinkage and plastic flow suheveeent to a 

age. Data of the | unstressed control specimens indicate that the 
shrinkage at 400 days i is about nine tenths of the shrinkage at 1,800 days for 

_ both gunite and concrete. The forgoing assumption as to shrinkage at 25 years = 

"4 seems to agree with these results. Data of the specimens prestressed with rods 

a indicate that, for final stresses of from 25% to 34% of the initial stresses, we 


- : calculated plastic flow at 400 days averages about 95% of the calculated plastic a 


amation as s to ‘total ‘plastic flow with a final stress. maintained (with wire | 
at a much higher percentage of initial stress, ov 

_ Winding Effect.—Of course it is is the winding of the wires i in eee 
alee the initially unstressed concrete shell which gradually compresses the 


shell. On the average, when and where the wire makes contact with the shell, 


i? 


“ely half this compression exists in the shell since the tensioned wires. have bien 
= to only one side of the point of contact. Further compression tends to _ 
unload the wire. The approximate 1 ratio to which the initial moeien ery ‘must 


4 be increased to cancel this loss is 
in: which. f ew i8 steel in ‘winding; is the average steel stress imme-_ 4 
_ diately after winding; p. is the ratio of steel area to the concrete area immediate- _ ; 
ly after winding; and ny is the ratio Z,/E, at the time of winding. 
; Pe: The 1 more exact solution for this loss should probably be included “rd if se 
no other reason than to prove that Eq. 2 is on the safe side andi is accurate enough 


: 4q for | all except extremely high values of p n. 


of cross-sectional area A’, and winding unit tension f ¥ are being wound (Fig. 
Increments « by the wire being wound must be bal- 
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- in which N, fe, and fe are variables, . _N none the number of turns of wire at any ms 


these two differential simultaneously, the ratio of 2 be- 


fog. + Pore) Pur 
A 10% error would not be out of lir line with t the sevarncy of the sania 
underlying this analysis, and it is only for Dw Nw > 1 that the error of the stress — 
increment of Eq. 2 compared to that of Eq. 5 exceeds eds 107%. for practical 


. Modulus of Elasticity oj of Steel—The author states that this value for the 
wire “averages” 26,000,000 lb per sqin. This is about the same as the secant 
/ modulus for the wire commonly used by Gustave Magnel.*® The ratio of 
- stress to strain for a decrease of a high stress in steel is more accurately given | 
7 by the low-stress tangent modulus. This modulus, as Mr. Magnel shows, is 


_ about 29,000,000 lb per sq in. which will be used i in the following computations _ 
(6) Creep of the Wire. —Experimental data for this phenomenon at non- 
elevated temperature are very sparse. The author’s value of a maximum of 5% 73 
i. _ stress loss from this effect was evidently not included in Table 1 or in other 
P. Di calculations of the paper. The effect of creep may be neglected for the low i 
stresses in low-carbon steel of the Staley-Peabody tests but not for high 
_ stresses in high-strength steel, especially for wire that receives tension by cold 
, drawing at the time of winding. Mr. Magnel found strains in Belgian wire > 
_ from creep of from 1% to'16% of ‘the initial strains. This variation depended, a 
primarily, on | the rate of application of the initial stress, magnitude of initial — 
_ stress relative to strength of wire, type of steel, and condition of restraint. —_ q 
a constant-length test of the wire (mentioned herein under factor (5)) stressed — 
$ in 2.5 min in to 123, 000 Ib per sq in. (57% of its ultimate tensile strength), the i ae 
; loss i in stress was 12% in 14 days. An arbitrary loss of 8% of the initial stress ree 
after winding has been assumed for cold-drawn wire initially stressed toabout 
A 75% of its ultimate i in the computations that follow. — There are many reasons — 
_ why this may or & may y not be conservative enough, but, even if more dataon _— 
creep were on hand, an accurate quantitative estimate of it would be almost ” 


a impossible because of the interaction of creep strains with all the factors that a 


cause strains in the concrete. Farther investigations of this potentially im- 
- ‘portant factor are very much needed. Perhaps the author can provide some ‘. 
more information on creep from his own experience in hisclosure. = 


_ “Creep of Steel and Concrete in Relation to Prestressed wae ” by Gustave Magnel, Proceedings, 
A.C.1., Vol. 44, 1948, pp. 485-500.” 7 ORMIIED 
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loss of stress in steel wire has been in Table 4 the same 


= have been taken into 8 account. — The claim of great ‘accuracy cannot tbe x 

—: for these computations. Iti is not possible for such computations to be rd 
very accurate, and for this reason only two significant figures are carried. This 
writer believes, however, that the inclusion of each of these six factors has 


TABLE 4.—Revisep Srupy or SrREss Losses 


Average at the time of winding | 3.34 X10* | 3.30 
Winding stress fw «— 
| for fas = 150,000 lb per sq in. - Factor 4¢] 160,400 
for3% error =1.083b 
strain after reloade 
astic strain, concretet = g/ 
Shrinkage strains after reload® 
Plastic flow after reload¢ = 
Initial fe (second reload) 
umed loss in f--high tensile wire; wan ‘e 
item y 000 
Assumed average fe, high te tensile w wire or 
Plastic flow, high tensile wire, 400 days = 2 4 
Plastic flow, at 25 yr = n (1+0. H0.25 == ) | Factor 3«| ~0.00103 


Elastic strain, = Factor 2¢| +0.00027 
Shrinkage strain6 to 400 days = —0.00071 
Shrinkage strain at 25 yr = 1.24 nite a —0.00085 
Total strain =o+pt+r —0.00161 
Partial loss of stress in steel = E,. ib io 
Loss in steel from creep = 0.08 X150,000 q 
Maximum total loss of steel stress = 


¢=150,000 +t +u+v A 59,300 
| 375 


Maximum percentage loss in fos = 100 w/c 
t+u+v 


Kam of in = 150000* ‘ | 


810 


Percentage loss, ‘concrete stress = 100 y/k 
4 


a In Col. 2, stresses f and moduli Z are pounds per square inch; strains and plastic flow are inches per 

inch. The nonitalic letters a,b,c, .. ., z denote the numerical values recorded opposite the corresponding © 

 lettersin Col. 1. “Shrinkage Plastio Flow of Pre-Stressed Concrete,” by Howard R. Staley and Dean 

Jr., Proceedings, A Col. 3. © Factors 1 to 6, defined in this 
ussion. 


improved the accuracy of the result. Also, even if the maximum, error 
a per factor were + 25%, the probable error for the summation would be + 10% _ 
‘The percentage of stress lost by the steel, item x of Table 4, is not equal to b, 
_ the percentage of stress lost by the concrete, item z, because the steel loses some 
stress before the concrete has reached its maximum initial stress. Items rr ; 
through j of Table 4 outline the computations necessary to evaluate the approxi- 
mate plastic flow of the concrete for the Staley-Peabody tests. The most i ll 


portant conclusions to be drawn from Table 4 
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3 gineering design guards against a a failure that would involve loss of life, wealth, < a ; 
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(a) The stress loss shrinkage and plastic flow is not a constant, as 
- indicated in Table 1, but a variable depending mainly on the wire-winding — 
stress and to a lesser extent on the factorpn. _ 
otlty (o) This variation is so important that actual stress losses for rere 
reinforcement are two or three times the losses indicated in Table 1, assuming ~ “* “a 
full concrete shrinkage but neglecting the 3% tension-error loss and the low aS “a 
baniés: loss. Stress loss allowances for high-carbon wire should be crow 
‘thea for rods, not less as indicated i in Table io 


could be partly if measures were taken: ja 


0 1, The. loss from s shrinkage « of the concrete would be reduced if the winding = 


operation were delayed until much of the shrinkage had taken place. 


pd Staley-Peabody shrinkage « conditions, winding 21 days instead of 6 days after ae 4 
; placement would reduce stress loss by about 10,000 lb persqin. Suchadelay _ ¥ 


could possibly disrupt the construction schedule, making it economically un- 


feasible for the : average single-tank jo 


2. Mr. Magnel’s experiments” indicate that ‘special steel wi wires (perhaps 


heat-treated after drawing) may be developed for which the magnitude of creep 
is almost negligible— -another potential 10,000- -Ib- per-sq- -in. reduction in the 
stress loss of Table 4. _ Whether a stress-saving of this magnitude would be 2 


- sufficient to balance the extra cost of such a wire is a question the writer cannot on 


Oe As stated bef ore, stress losses from both. shrinkage and, toa lesser extent, 


were filled to near- soapacity 


tl The author did not specify any of these special | measures for the p1 prestressed- 
whi design of Table 2; thus this design roughly corresponds to the low-load a + 
__ eondition ¢ of Tables 1 and 4, the’ winding stress being slightly lower a and pn being a 
roughly twice as high. If the assumed stress loss of this design 1 were to = 
_ changed from 35,000 lb per sq in. to 60,000 Ib per sq in. to correspond with y 
item w, Table 4, ‘die’ final stress in the concrete for full tank, Col. 20, Table oe 
2, would be 100 lb per sq in. in tension instead of 78 lb per sqi in. in ays ll 
~The change i in steel stress in case of cracks, Col. 22, Table 2, would be 14,000 Ib ve 
per sq in., and the maximum increase in the becaremeniaer: of tank, Col. 23, 


How serious are these changes i in stresses for this design? 


4 


and the structure itself. Thus, of necessity, the usual engineering design i is ne a ol ’ 
conservative This conservativeness is still satisfied by the ‘storage 
tank in Table 2 because even ae the concrete cracked the stress in the wire is om a 
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‘Pektonnets tank design is different from the usual | design ii in that it also i in-— 
volves a calculated guarding against cracking failure, a a failure that, except for 
the corrosion danger, involves only leakage losses and unsightly stains. ad Tradi- 
tional engineering conservativeness is certainly uncalled for here, especially 
_ when this leakage would occur only on the occasional tank, which would be 
empty part of the time. (Corrosion would remain a problem, especially since — 
_ the wire is so small and since the tensioning method used for prestressed tanks ‘ 
precludes the use of galvanized wire.) = §|« | 
_ _‘Therefore, in the ine 8 opinion, these changes i in stresses are not serious, 
except for corrosion, and the aman wire design is still superior to the pre-- 
_ The revisions involved in Table 4 would be of more vital importance for. 
- tanks with higher hoop tensions, for which there would be a tendency to use ~ 
higher quality materials and higher working stresses. 

As the author states, an overload is extremely unlikely, but i it should em 
mentioned that the crack resistance of a wired tank to overload is much inferior 
to tha that t of a rodded tank. The ultimate tensile resistance 0 of the concrete ka 

be approached. much more rapidly in the wired tank with an increasing overload. 
_ After this tensile resistance had been exceeded, cracks would open up about as 
va times as fast as those in a prestressed rod tank (eight being the ratio of the s steel 
areas). This might be an advantage; the overload would soon leak out of a 
wired tank! Of course, with removal of the overload, d, the he cracks would weed 
a ‘phenomenon typical of prestressed concrete. 
ed i Computations similar to those of Table 4 could be used to determine ts 
‘mate stress losses for any prestressed tank or pipe design. It would be possible © 
also to develop an algebraic expression that would Id give an approximate stress a 


oF J. M. ~ Crom* —The discussion by Mr. Mensch was most interesting 
— since he is one of the pioneers in concrete tank construction and his account — 
of tanks built during the past are valuable. His comments relative to sliding 


joints are of particular interest since any uneven settlement of the tank founda- _ 


- tion will allow leakage if the wall and foundation are not doweled ee or = 


~4 


when the tank was in the empty condition, the walls did not return to the 


original position, perhaps partially because of friction, but chiefly on account 


failure. de be the of the w moved outward. However, 


the circumference and in effect simulating the conditions of a scented body. 2 

The percolation of the water through the walls caused rusting of the band rods, 
and the expansive force of the rust and the freezing of the water caused the — 4 
ice-Pres., The Preload Inc., New York, N. Y. 
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: a leakage develops only occasionally and that it usually can be sealed at 
expense. The writer has on several occasions made careful studies o 
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paling atens ‘of the conerete outside of the reinforcement. The 
a _ Regarding the resistance to movement between wall and foundation _ 
because of friction, an accurate satisfactory coefficient that would apply to all 
_ jobs cannot be fixed. yi ‘However, experience with tanks s constructed has resulted — od 
_ insome data that are of help. For instance, during the wire winding operations 8 ; 
when the first movement of the wall occurs, notes are kept showing the number 
of bands in place. _ These data, together with a knowledge « of the condition of . 2 
_ the joint prior to pouring, indicate a figure that can be used by the designer. ‘a _ 
In some instances this coefficient has been low, indicating that with ae. alr 
care it'can be kept within practicable limits. bition 
cn ane ‘Designs are under consideration that include the tying of the floor to the 
sidewalls by means of the vertical prestressing units after the specified amount = 
a of inward movement of the wall has occurred. _ Experiments ha having to do with 
heavy rubber dumbbell w: ‘waterstops that extend from the wa through the 
- joint and into the foundation slab have also been undertaken. 
i Mr. Mensch discusses a tank built for the City of Lansing, Mich., during Z 
7 the year year 1918, , and also another built in 1910 for the Town of Norway, Mich. — 
It would be interesting to know whether or not these tanks were ever exposed ~ 
to severe drying conditions such as would occur during a long, hot, dry period 
- while the tank was empty y and whether or not the tanks v were covered partially 
or wholly with earth. If the walls were malianantiy damp it is doubtful _— 


_in., which should be within the strength of the type of conerete used. The 
band steel would still have been in compression and thes impose an extra 
e- ‘The thickness to specify for dome she'ls is largely a matter of consolence. 7 
There are scores of of tanks now | in n regular use that have shell 1 domes 2i in. ine 
thickness. Some of these 
= _ domes of much greater thicknesses. All are structurally strong if the form 
work over which they are ¢ cast is true. The and cire 


stresses are under 200 lb p per sq in. 2 


in California. _ This shell was stil giving good service when it was inspected ee 
bn the w: writer ding 1948. . It had a thickness of 1.5 at the crown and about eS . 


reached a value of C = 0.0006. instances within the experience of 
: = writer this value was reached very soon after the completion of the con-. 


“Concrete Engineers ” George A. Hool and Nathan C. Johnson, McGraw- = 
Co., Inc., New York, N. Y., 1918, p. 769. 
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ender high stress. There is no question but that is 

‘lon the stresses are very high. Luckily, however, a large percentage of it 
akes place during the first periods of the stressing, and since the initial stresses 4 

re not unduly high, it is believed, and it is reasonably well verified, that | the 

because of this fact do not exceed 3%. io iti 


‘mae did not exceed 6%. - Since about 2 of this « creep took place during on 
first, second, and third minutes of the stressed period, a similar phenomenon ~ 
. could be expected in the wire-winding operation. “ For example, in a winding 
“operation the pull on the wire is constant as it comes from the machine. Since 


a ~y some of the creep takes place almost instantly, the release of slack is taken 


wire prevents further take-up. Also, the wire is somewhat ‘increased 


= 
_ temperature fully takes up any loss incurred by creep. ; 


Many critics have ress losses of the 
7a magnitude of 40,000 lb per sq in., and, since Mr. Sawyer would have them at 
4 60,000 lb per sq in. in the case of the usual method of prestressing, there is a 
 ¢ comfort in his statements. He also supplies further data in connection with | 
the Staley-Peabody tests as well as the development of formulas to simplify 
a the computations i involved in the designs of prestressed structures. a oid tel 
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‘The nation’s capital is faced with of growth and expansion 
typical of other urban areas; but the city planners of W sshington, D 


District of Columbia is u: under dead control, whereas the suburbs « on “which 
the capital is encroaching are under the jurisdiction of the arighboring a 

Legislation enacted on a federal and state level to deal with the problem is we o, 
discussed in this paper. The shortcomings of this legislation are also pre- 

_ sented , with proposed new laws designed to overcome such Heninations. Ger: ‘a 
. ; Brgy between the existing authorities has been generally good, but progress 
5 is,slow, and many urgent needs are faced by the city authorities. ral 

difficulties encountered under ‘the existing plan of multiple authority are 


over-all financial and construction agency is as a means of 

ae the execution of plans, financing and construction of needed public a 
_ works for the capital; and the organization and operation of this agency are eo 


i At the annual convention of the American Institute of Architects in Wash- — 
_ ington, , D. C., in 1926, James Monroe Hewlett said in referring to the Washing- ae 
“There i is in Washington a construction designed by engineers. The wind | 
piles up masses of sculptural clouds behind it. _ The rising sun paints it en 


Norez.-—Published in April, 1951, as Proceedings-Separate No. 64. Positions anc and titles given 
those in effect when the paper or discussion was received for publication. 
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* sister profession. It carries an implication that calls for serious consideratipn— 
the important part played by engineers in the proper development of the _ 
~ nation’s capital. George Washington himself was an engineer, and the remains : 
ia of the largest construction work that he supervised (the Potomack Canal) are 
A still extant and slowly succumbing to decay and neglect on the west bank of 
a the Potomac River a few miles from the city. Major Pierre Charles L’Enfant, — 
' who planned the new federal city for President Washington, was an engineer. _ 
From 1869 to 1933 the parks were developed by a succession of engineers. 


= water supply system was designed and built by engineers. " The harbor 


developments and the reclamation that transformed the Potomac and eel 
P costia flats into beautiful river parks were designed and constructed by engi- 
4 neers. ‘The municipal public works have been the responsibility of an officer of a 
the Corps of Engineers, United States Department of the Army, since 1874, free __ 
from political or financial scandal. It was Brigadier General Theodore A. 
_ Bingham who revived interest in the original L’Enfant plan which had been . 
_ reproduced by ‘the United States Coast & Geodetic Survey (USCGS) in 1887. _ 
' It was he who initiated the campaign to stop legislation that would have turned. 


i. ‘The Library of Congress, the Lincoln Memorial, the Arlington Memorial 
Amphitheater, and the Arlington Memorial Bridge are projects planned and 


supervised by engineers. Since 1927 there have been three engineers: on the 
Planning Commission, a nd John’ Nolen, Jr., Assoc. M. ASCE, is present 


-~course, other professional men—the “sculptors, landscape 


architects, a and city planners- 
ment of the city; but the snieten of the engineer has been greater here 
than elsewhere. The engineering profession has a special responsibility to 4 

maintain this contribution in the future on the same high level. tue ia 
The nation’s capital has outgrown, far and wide, the district “ten ‘miles 3 
square” that was prescribed by the Constitution? for the “seat of Goveriniates of y 
the United States”; it is no longer contained within the District of Columbia. - 
The resulting problem. of securing coordination among different political juris-— 
dictions is of interest to city planners in so far as similar questions recur, in some 
form or other, in nearly every large metropolitan area. 


q special problem in the Washington metropolitan region arises from 
the 


~ 


the fact that one political entity is a federal district with the Congress of the — 

United States for its city council, and the other five are local jurisdictions within — 

two states. To illustrate the importance of these local communities to mae: 
states, it is only necessary to point out that Silver Spring is the second most 

populous community in Maryland, and that Arlington County is the fourth 

most populous county in Vi irginia. Therefore, any discussion of extending the 

boundaries of the District of Columbia to annex the suburbs seems quite 


futile. Neither state will ever consent to cede to the federal government ;some 


UN aa a silver and the setting sun paints it gold, and it is, I venture to think, the Be. 
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> NATIONAL CAPITAL 


The The Federal ‘Government: 1924 those whe ho had the interests: of the 
national | capital at heart, both in and out of Congress, were distressed that Vai - 
little or no progress had been made toward activating the inspiring plans and 
>. recommendations of the 1901 McMillan Park Commission. The natural = 
- beauties ¢ of the district were being destroyed rapidly by building operations to 4 
conform to the grades called for by the 1898 Highway Plan. Their united 
_ efforts produced the federal act approved June 6, 1924, establishing a National | 
_ Capital Park Commission | (hereinafter cs called “the Commission”) which was 
authorized to buy land and to. a comprehensive and coordinated park, 


established Commission found that parks and could 


The of the 1898 Highway Plan were only too 
the same leadership, therefore, an amendment by the act approved April 30, Ss 
1926, was obtained, which added to the Commission’s name the words * ‘and a, i, 

Planning” and to its duties the preparation of a comprehensive plan of the 
national capital and its environs and the making of recommendations to — 
appropriate executive authorities on all elements of city planning. jie this — 

end, it added to the ex-officio membership of the Commission “four eminent 
incon well qualified and experienced in city planning,” to be appsiofad by 

>. Congress is so often blamed for everything that goes wrong and is = 

. ~ seldom given credit for the things it has eae well that it is important | to 

< emphasize the wisdom and 1 foresight with which this effort to make ° “a compre- 
hensive, coordinated and consistent plan” for the national capital was “ex- 

_ tended explicitly to cover the suburban areas. Of course, Congress could not — 
give to this Commission, or to any federal agency, power to control the states 


i -~ their local authorities within their own borders; but at least it could a 


did set up a federal agency charged with planning for the suburbs and with | 
\, - undertaking such coordination of effort as was possible on a friendly, advisory, — . 
and cooperative basis. Under this act, the Commission has indeed accom-— 


much in helping ow advance and in about 


Tree 


® 


thes securing of state setting up local planning commissions s. On 
side of the}Potomac River a a single National | Capital Park 


y 
he Of 1t8 most prosperous territory, and the other states wil certainly not join | 
} in passing an amendment to the Constitution that would force such actionon  # 
a 
he q 
ns 
re j 
of 
it, 
or 
ri- 
at 
A. acted with wisdom and foresight in regard to local matters, when public [= Bf — 
al | an over-all city plan. There was no such adequate plan, since the partofthe = —— 
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established, with definite planning and 
_ powers and limited taxing authority in Montgomery and Prince George’s — 


Counties, Maryland. _ Cooperation of the National Capital Park Commission 
‘ with the state commission for twenty years has been close, cordial, and a . 
_ An agreement for extension of the national capital park and parkway 

into the Maryland suburbs under the Capper- Cramton of 
4 has been administered successfully throughout the years, and may be of in- 


_ terest to other cities as an example of how a metropolitan parkway and recrea- 


In Virginia the single planning commission was not acceptable at first, 


but state legislation was passed in 1936 authorizing cities and counties to set 
/ " up their own planning commissions and to cooperate with the National Capital 
Park and Planning Commission. +) Again valuable cooperation has been opera- ; 
tive through the years with these local planning commissions. In 1949 the 
authorities of northeastern Virginia u united i in establishing @ a Northern 


general excellent understanding and cooperation have existed with the 
— Tocal planning commissions ; and their staffs, and cordial and friendly relations| 
have been established and maintained with the local executive and legislative 
authorities. At times the latter have failed to understand and, on occasion, 
—@ have acted contrary to ' the recommendations of the federal commission and “| 
their own planning commission, especially on zoning questions. It must be 
confessed that even the Zoning Commission of the District of Columbia | 
sometimes ignored the best advice and has violated sound zoning principles. . 
The types of inconsistencies and incongruities in planning that have thus 
_ been authorized are to be found in the following: Higher height limits in a; 


suburban counties than in the district, commercial zoning on one side of the 3 
_ district boundary facing a residential zone on the other side, and intensive q 


apartment house development along the Mount Vernon Memorial | Highway, 


nate the of the local commissions. bist | bite bhi he ha 


remedy w would seem to be a a better | public understanding of the 
principles of good planning and perhaps a requirement that a three-fourths or : 
_ four-fifths vote of the legislative authority be required to ) overrule the Planning oa 
i. Commission’s re recommendation. ‘The writer does not favor giving to any i 
_ planning commission complete veto power without appeal to the elected local 
4 authorities; but there is much to be said for making it harder for the latter to’ 
make mistakes affecting the | general welfare of the community. gu bib 
__ The point to be emphasized is that the act of 1926 set up a single planning 
_ commission for the Washington metropolitan area and that local and state — 
legislation have acknowledged its leadership and provided suitable suburban 
J coordinated agencies. Therefore, no new agency is required to a ; 
_ ordinated regional planning - Legislation is needed to strengthen the present 
Commission’s leadership and power and to. draw closer the bo nds" with the 
Maryland and Virginia authorities. va vil to 
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CAPITAL pe 


= From 1942 te 1944. the Pon of the Budget made an exhaustive and 
thorough investigation of the entire planning problem for the Wadinetee 
3 metropolitan region. Legislation under consideration by the 80th Congress 
me (S. 1931 and H. R. 4848) was approved by the President as adequate to carry 


‘out the recommendations of the Director of the Budget. thrown 
this result i in seven items of improvement, as 
g ‘The the ‘wim’ be i inc 


creas 
of the Architect of the Capitol and a representative of the Federal Works 


ed by the 
Agency. These two members _ are much needed to bring around the same 


board, ex-officio, two important constructing agencies. the interest of 
keeping the membership to a practicable minimum the representative of the 7 
im Forest Service is to leave the Commission i in spite of his valuable contributions i 
2. Because the chairmen of the Senate and House district committees are 
very busy men and can rarely attend Commission meetings, they will be 


authorized to name another member « of their committee ‘to act in their ae 
thus again making closer the connection with the national legislature. 


_ 3. The lay membership will be increased by three—a representative as 


‘from Maryland, Virginia, and the District of Columbia—recommended by 
_ the chief executive of each of these. 


- This will give the Commission a membe er, 
- presumably fully acquainted with its policies, who can make closer the liaison 5° 
with the local authorities, speaking to them i in the name of the Commission la 7 


on the other hand, representing their ideas and needs to the Commission. Bc. " 
_ 4, The control exercised by the Commission over federal building projects. 
in the District of Columbia will be extended to such projects in the suburbs 
also to District of Columbia projects. 


This is very important for the <e 


as 


2 which has heretofore been inadequate because | of the limitation on the funds 


«6. New. procedures are prescribed to inform the Commission, from the _ 
very beginning, of new projects proposed by federal or district authorities. 
These safeguards should prevent argument about projects that have some- 
_ times progressed without the Commission’s knowledge to a point where it is 7 


difficult or expensive to modify them in conformity with a comprehensive plan. ae 
Experience shows that this consideration is truly most important. stipes 


_ 7. Provision is also made for a coordinated six-year schedule of public — ae 4 
works and for the adoption of a coordinated thoroughfare and highway plan. at 
Such a plan has been recommended by the Commission for years, but n 
definitely adopted by the executive euthorities, In savers other minor 


ever 


From the foregoing it it will be evident that, ‘although the 1926 federal act was 
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experience ir in it and subsequent supplementary legislation have 

oa some ways in which the original act should be revised and improved. wa 


PLANNING Neeps oF THE CapITAL AREA Al 


ah. he sokeliatel planning having thus been provided for in the best way 4 
_ possible under the United States form of government, the problem remains to 
a find a way to construct the projects planned. Projects located wholly within 
one local jurisdiction will evidently have to depend on whether the local — 
e authorities are convinced of ‘their sc soundness and whether the funds can be — 
: : i found to finance them. It. may ay be p: presumed that they v will be. adopted as the 
“ need for them becomes apparent and as public opinion demands them. | ae. 
— such a a large metropolitan region, however, there are projects needed a 
the area as a ‘a whole, which are not within the responsibility of any one local © 
jurisdiction. These require coordinated or cooperative financing, which is 
something difficult to obtain when there is a crying need i in each jurisdiction — 
for all available funds t to pay for strictly local projects. Examples of this type 
of project, which are so badly needed by the metropolis for its sound develop- 
- ment but for which it is difficult to obtain funds by local appropriation, are: 
 @ A bridge across the he Potomac I River from the southerly part of the district to 
@ point north of Alexandria, V. a.} . (b) coordinated water supply ‘and s sewage dis 
systems for the metropolitan region; (c) coordinated and 


A Bridge Across the Potomac River. he present (1951) all traffic vent 
ee south must come to a point opposite 14th Street, west of the center of the | . 


district and, crossing there, must pour into: the most congested central business 
area. For years there has been general agreement as to the necessity and 
"justification for this bridge, but no action has been taken to finance it, while the - a 
- needed approaches on the Virginia side are being bought up and encroached _ 
(b) Coordinated Water Supply and Sewage Disposal Systems for the Metro-— 
_ politan Region. —Heretofore, provision for local needs has been made by locali- _ a 
ties individually. With the increased population and the future growth that % 
_ must be foreseen, the need for such a metropolitan system and a schedule for its 
Coordinated and Progressive Action to Secure the Step-by-Step Reduction 
of Pollution.— —Although the Interstate Commission on the Potomac River 
~Basin | and the Federal Commission are both ready to lend leadership 
assistance, the solution of the problem evidently depends upon works that 
require funds, and the cost of which may be disproportionate to the interest 
of the particular community in which they can best be located. vr, 
@A Coordinated Waterfront Development.—Plans for this ainiaiee 
_ exist, thanks to work done by the United States District Engineers’ office in 
— cooperation with the Federal Commission, the National Park Service, and the — 
other authorities affected. However, assurance that the plans will be carried 
out is needed. A very important alternative route for the Mount Vernon 
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3 _ However, today the new problems are too urgent ‘and too important to allow 


or lease for yr redevelopment according to the plan. The ¢ only project for which = 


building operations by the Federal Housing against 
the federal government’s own interests. Other important projects are con- 
_ With the evident lack of interest of the local political authorities in regional 


- problems, some kind of over-all financing and constructing agency seems called 


7 type of solution; the 1 newly es established Missouri-Illinois Interstate Develop- a 

_ ment Agency is a more recent one. _ It would be particularly appropriate for 7 
_ American engineers to develop the right kind of agency structure (for instance, 
a “National Capital Metropolitan Works Agency”) and to its, being 
_ Of course, the metropolitan highway system and the national capital park ~ 

_ and parkway system are examples of real practical accomplishment in such ye 


‘metropolitan projects with federal aid and leadership. They can be mentioned 


_ with considerable pride and satisfaction to show what can be done by diplo- 

matic approach, cooperation, persistence, an nd a fair distribution of | costs. 
fer this slow-going procedure. _ A National Capital Metropolitan Works Agency _ 
needed, with funds ‘contributed to such extent as practicable by the taxing 
~ authorities and itself, with borrowing fp power rand the right of eminent domain, 

and with a reasonably free hand to procede with approved projects without 


) having to go to to Congress at and state legislatures” for "legislation in each (pare 


_ Problems Encountered. —The and only important frosteation 
Hi "suffered by the Commission to date is the bogging down of urban redevelop- 
ment. On the Commission’s initiative and after eight months of hearings in 


. the Senate and four months in the House, a sound urban redevelopment act 


fort the District of Columbia was passed and approved August 2, 1946. This 
act provided for the selection of blighted areas and their ‘replanning by the 
ederal Commission; ‘when approved by the ‘district ‘commissioners after 
subtle h hearing, the project plan is then certified to the Redevelopment Land 
Agency, which acquires the land and disposes of of it after Tesubdivision by sale 


planning funds were obtainable has encountered opposition on the part of the a 
local inhabitants, who have been misled | and misinformed as ti to the effect on 7 
their holdings. Sadly erroneous allegations that this scheme will put Negroes 
4 in ghettos and that it will be mostly a public housing project have been raised. be 7 
Actually the law gives every “advantage | and opportunity to private 


Such as the has been able to that re- 


development projects throughout the United States are bogged down because - s 
of local opposition and lack of funds; but perhaps nowhere does the oy Fs 
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are being spent to revive a stunned world and to help other 
, nations in need, the few hundred thousands annually needed and ey 7g — = 
-_ 4% by law to save the nation’s capital from the further spread of slums will be re- :" a - 


ay 


be achieved in time and public opinion will eventually rout the 


br The basic objectives of ‘the Federal Commission can be summarized as 
__ follows: By farsighted planning, based on careful study of trends in the 
~ national ‘capital : region and o on the e experience of other cities in n the world, 
to guide the growth and development of the metropolitan area so as to keep 
it a suitable and appropriate capital for the Government of the United States. - 
At the same time, the Commission aims to provide for the needs of the in- 
habitants and the retention of the amenities of civilized life, so as to insure the - 
happiness and prosperity of the people and to strengthen their conviction that : 
it is a good place in which to live, to work, and to bring up a family. BoToRas 


At the Citizens’ Conference i in Okishoms City, Okls., it was stated 


“inadequate recreation facilities, poor public transportation, nek traffic jams” 
; on the way to work, and s so forth. The federal government being a ‘major — 
and dominant industry in Washington, the entire country has an interest in _ 
basic plan of. what is now the part. + of the city, "prepared by 
- Major L’Enfant under President Washington’s personal supervision, is fixed— 
Lah a monument to their foresight and wisdom. Although departures from the _ 
fF Enfant | plan and its principles h have been made i in the past to plague the city 
‘ . planners of today, and, although some minor features create problems that call 
for study to find a solution, the general central plan must be accepted (as it © 


by the 1901 MeMillan Park Commission) as a living heritage marking 


- ‘special achievement in American history—a planned capital in a federal district. ae 
The present and generations that follow can only modify, revise, 


Teadiness on the part of all wuthoriten to to cooperate al and adjust their individual 
‘ demands | to the general intérest, ‘much can be accomplished to fulfill this ideal. * 


Complete realization of it can hardly be expected, human nature being what 4 ‘a 
it is and funds not always being forthcoming. As Emerson exclaimed a 


century ago: “Can : anybody remember when times were not hard and money 


An immediate problem having bearing on the region’s future is whether 
or not Congress will be v Ww illing to limit the number of federal employees in is 
Washington to the minimum needed to do the federal | government’ 8 immediate 
work of administration, efficiently and economically, and to permit the kind ~ 
rf of decentralization of federal employment recommended to industry by the — 
National Security Resources Board. Washington has but one war industry 
and is not an inviting — for such physical dest destruction of war resources as 
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nation, it may have political N in the ‘mind of a potential enemy. 
_ _ To rebuild the city to meet such a potential danger seems out of the question; — 
¥ it would cost too much and take too long. However, it would seem 1 only t the = 
least demand of common sense to make arrangements now, so that such a raid Le 
_ shall have the least disturbing or shock effect on the federal administration a 
in case of war. The Planning Commission has given study a and 
If the hands of the National ‘Capital Park and ‘Planning Commission are Pe 


- 


coming to make its staff adequate, and if such a “metropolitan: works a agency 
_ is set up, as has been suggested herein, the nation can look forward ae 


to the growth of the capital to 2, 000, 000 inhabitants by 1980, to its develop- 
ment. in a manner worthy of this country, and to its being a credit to the 
present generation—like Zion of old, “Beautiful for situation, the joy of the 


— 
— 
— 
— 
— 
— 
— 
— 
i ii 
- 
— 
> 
7 
q 
4 
7 — 
— 
q 
— 


it 


P. Hon. M. ASCE.—Numerous objectives and various 
r problems of planning the national capital at Washington, D. C. » have been > 
presented in this | paper in a very informative and constructive manner. As a 
citizen planning member of the National Capital Park and Planning Commis- 
sion the writer knows what an outstanding chairman the author was during 2 
1948 and 1949 when he retired from the Commission. America i is very for-— 
 tunate that, during his various official duties for many years in W ashington, 
ote he was connected with the improvement and development of the national — 
capital. _ Few engineers | were either in the position or had the disposition to a 
strive as diligently in the interests of the finest possible plan for Washington. 
_ Qutstanding experience and constructive viewpoints as well as judicial 
qualities made the av author a _ distinguished chairman of the Commission. - Tt 
was for these reasons he was elected Chairman Emeritus of the Commission | 
uponhisretirement. 
‘Having been interested in city and regional planning for many years in 
the St. Louis metropolitan district, the writer recognized various legal and 
area limitations of the Commission. 7 Being both metropolitan-minded and | 
_Tegional-minded, the writer felt de deep ) concern a about the lack of coordination of — 
- the District of Columbia and its s neighboring states (Virginia , and Maryland), 
in the Washington metropolitan area. The comprehensive plan that the — 
Commission issued in 1951 tried to point out the great need for cooperation 
in . developing ‘the environs of the national capital. Forecasts indicate that. 
_ there will be approximately 1, 000, 000 people in the dis | district and another — 


7 ‘The present congestion around the government triangle, caused by oc 


_cupants of both = anes wartime buildings, i is one of the most serious: 


or airplane congestion. ‘The swampy and light 


_ terrain of Washington lends itself to ‘the diagonal street plan that L’Enfant — 
_ developed. Fortunately for the city, the wide streets then envisioned are the | 
7 lifesaving but now congested thoroughfares of the captial. — Without such wide — 
streets it is difficult to imagine how the capital, as presently constructed, could © 
4 provide circulation at all. To alleviate the present congestion is one of | the 
prime necessities. Tt can be relieved by prohibiting individual ‘passenger 
= from entering certain congested areas and distributing public employees — 
_ by means of shuttle busses. Such buses have been quite effective in the 
central St. Louis retail district. Although the shuttle bus system | can be 
very helpful, it cannot entirely relieve congestion created by through traffic 
> “i in the the morning and night periods when government employees are coming 
from or returning to their homes. lee the dire need is evident for the 


circumferential drives. = 


* Cons. Engr., Contracting Co., St. Louis 3, 
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0 ON NATIONAL 


N Suitable for a Great N ation. — 


as well : as an n opportunity; adequate “state, 
fee legislation and appropriations may be obtained to insure its accomplish- as 
ment. On several occasions the writer has inspected many of the national 
= of Europe and is firm in the belief that Washington is and can con- Py 
tinue to be the most outstanding national capitalin the world. = 
However, ‘it is evident that all the planning intelligence of th world is 
not on on one side of the ocean. At an international convention of planning 
and housing in Stockholm, Sweden, in 1939 some of the most outstanding 
_ city plans that have been conceived were on display. _ Washington, however, — i 
has the distinctive characteristic of being solely a national capital ‘and does eo 
not, like London or Paris, contain large commercial and industrial ale 
Therefore, to suit the needs of a great nation, such as the United States, 
should envision not only a mag capital but also an 
practical as to truly fulfill its purposes. To accomplish this result will require Bie 
understanding f from civil engineers and architects from thousands of 
civic-minded American citizens who can express their views to their Congress- 
a men who guide and appropriate the funds for the capital. This paper can ¥ as 
be very helpful i in this particular, and the ASCE should continue to take an Dad | 
active interest in attaining the objectives and solving the problems outlined. 4 
_International Airport——While traveling in the Mediterranean q 
last year, the writer w as particularly impressed by the international | airports o of 
Cairo, Athens, Rome, Paris, and London. . Washington lacks such a large 
ie facility. International guests are received in New York City, miles away from a’ 
the W ashington Monument. Recently the Commission visited Friendship 
International Airport, near Baltimore, Md. As soon as one of the planned 
a. projects (the Baltimore-Washington Parkway through Fort Mead) is com- 
pleted, this airport could be developed readily as the International 


the The airport should not be any closer to the Potomac 


become of the of the United Nations a few 

a city blocks? — Men should learn from history, instead of frequently having — 
correct past mistakes. A great international airport wo would certainly 
to be only one of the major necessities of the capital. 
ee Larger | Parks and Parkways —In spite of the fact that Washington itself is pe 

> mostly « on low ground, it is surrounded fortunately by fine hills and rugged ee 

terrain. the years past the. author has been one of t the foremost advocators| 
a metropolitan park and parkway system along the valleys of the streams 

‘a entering the Potomac. ae: George W. ashington National Parkway, extended — 

from Mt. Vernon, Va to Great Falls, Va, on the Potomac should prove to : 

2 so desirable as to the extension the valley parkway system. One 
a - might be forgiven for overlooking Sugar Loaf Mountain in near-by Maryland i 
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Fort Drive, Green Belt Park, various areas nurtured 


eit by the acting chairman of ‘the Commission, Arthur E. Demaray, director of — 

NY the National Park Service. But, unless plans | are made and realized genuine — 
satisfaction mn cannot be felt with the e present. development of the capital. 
_ Reurbanization.—The needs of all large cities throughout the world were q 
obvious at the Stockholm meeting. ‘The capital of the United States is soma 


u 


have sufficient interest so that it will arouse the enthusiasm not only 
iA the City Planning Division and the entire membership | of ASCE but of the a 


- community that is being” planned. When planners recognize the need of 


adequate and timely publicity, their public relations will improve, and their 
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achieve these five objectives. No city is ever finished, and therefore 
— plan for that city can ever be complete. Every plan must develop contin- | * 
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LARGE HYPERBOLIC FUNCTIONS COMPUTED | 


Wire ‘Discussion By Messrs. JOHN SuerMan, K. L. 


Sith 
A rapid | “fission” 
and cosines of fractional radians larger than a are listed in current 1 reference 


or Euler.‘ primary 0 


ee Within the range of widely spaced arguments larger than about six radians, 
4. 
q 


: the precision of the. fission method is much greater than that of aan a 


_ by proportional parts, and adequate precision is attained much more readily 
_ than by academic methods. — The scope of several current sets of reference seer aie 


tables is surveyed and analyzed. ‘Exam uples illustre rate the she. 


‘Important of e engineering can often be expedited by by the use 
i of “hypes”” (hyperbolic sines and cosines) larger than those listed in current 
tables of reference. — The nonlisted functions at issue are the hypes- of frac- 


tional arguments greater than about six radians. Their lack may explain i in 


ng ‘part why the advantages of a direct procedure, ‘notably i in solving cubic and aes 
quartic equations, have not been accorded fuller recognition by civil engineers. 


Ny _ Nore.—Published in December, 1951, as Proceedings-Separate No. 49. Positions and titles given are 
"those i in effect when the paper or discussion was received for publication. 


| Mathematical Tables,” by G. F. Becker and C. E. Van Orstrand, Smithsonian Institu- 

_ $““Transmission Circuits for Telephonic Communication, Methods of Analysis and Design,” by K. 8 8. a 
Johnson, D. Van Nostrand Co., Inc., New York, N. Y., 1925, p. 249.0 tear ond 


“Higher Algebra,” by G. E. Fisher and I. J. Schwatt, New Y., 1924, p. 614. 
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PERBOLIC 


aa ‘This study seeks to simplify direct procedure i in such solutions by presenting 


certainly | “any that may be “expected in structural and ‘allied 
“a problems. In so doing certain limitations that mark the standard process of 
interpolation are analyzed with what is thought to be new ‘approach. 
- far as the writer can find, the predictability of degrees of pre precision, as s deve eloped 4 
bt in this paper, has not hitherto been evaluated. The study i is intended — 
problem to! we up” on their higher - mathematics. Its: objective i is 
eS ag precision combined with minimum labor, rather than unnecessarily high pre- 
cision. _ Emphasis is is therefore laid on the adaptation of na natural func functions weal 
a slide rule, ‘thereby obviating the of 
1926 the late E. Hovey, H Hon. M. ASCE, preparing 
manuscript for his classic treatise on the design of bridge machinery, found — 
that certain fourth-power examples, 5 if solved by a direct and complete method | 
: aa (such as those of Ferrari or Euler), would entail the meticulous computation, — 
4 by log logs, of the hypes o of large unlisted radians. (The “radian,” of course, 
is a unit of circular measure equal to 180/z, or 57. 29578°; but it is also used as . 
> a general term for the argument of a function. For example, “large’’ radians 
4 are radian arguments whose sinh and cosh hypes are substantially equal. ia 
4 Radians greater than 6. 0, or the hy ypes of such radians, are ¢ considered “large. ”) 
Such a procedure was then regarded by the average designer as too formidable — 


a for everyday use. _ Mr. Hovey told the writer that this was one of several 


ag ‘reasons why he had substituted an indirect and partial “trial- and-error” 
7 _ method of solution. The episode aroused in the writer a continuing interest ‘ 
in the direct, solution of such problems and, hence, in hypes. . (The term, 


“hype ype denotes any hyperbolic function, although ‘te this pe paper only sinh 


, “he instance, shortly thereafter he e completed the direct solution® of Mr. — 
_ - Hov ey’s examples with the aid of large hypes; but the fission method of com- 
puting them was not then realized. (The fission method, described in this 


‘paper, is process of computing any large unlisted hype by splitting its Tadian 


tions by multiplication or ‘division. The convenient and accurate term 
_ “fission’”’ was not borrow ed from recent accounts of atomic reaction. Its use a 
had long been anticipated « elsewhere, a as in the fields of botany and analege, f 
a In 1935 he privately circulated 100 copies of 8 cubics and quartics, similarly — a + 
and in the succeeding years (in industry and research) he solved 


«16.478, eleven being classed as He had | 
cheered that large unlisted hypes arise arise in the Cardan ‘solution of many third- — 


“Movable Bridges,” by O. E. Hovey, John Wiley & Sons, Inc., New York, N. Y., 1926-1927, Vol. II, & 


” by F. T. Llewellyn, Engineering News-Record, August 14, | 
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HYPERBOLIC FUNCTIONS 
logical study of large | hy pes cannot disregard the behavior of small ones, 


: “eh hence, the, entire scope of a number of available reference tables was sure 
a 7 veyed and analyzed. Table 1 is a semi-idealized frame in which.are sum- 

d _ marized the relevant data from six sets of ‘ ‘current” tables containing natural 
é functions. . (In the sense used i in this paper, “current” tables are 2 the ‘mathe- 


3 


TABLE 1.—SurRvEY oF CURRENT TABLES 


Listed intervals, a Maximum 


0.001 e* and hypes 12.6 (10-*) 
e* and d hypes 12.7 (10 0. 


@ and hypes 


Hyporueticat Raprans; Extrensions By Eqs. 5 anp Wh 


non none 5 (assumed) neither e* nor hypes pes 10 (102) 
none 10 (assumed) neither e* nor hypes 8 (104) 


The values in Cols. 6 and 7 are being determined by the interpolation of hype y by 
- proportional parts (PP). In groups 2 to 5, Col. 6, each Rg-ratio is approximately one hundred times _ 
that of the next smaller g group. ¢ The critical p-curve (Fig. 1) appears to approach p = 0.5 as z and » zx 
approach zero. As » approaches infinity, the curve is definitely asymptotic to p = 0. 7 Both logarithms _— 
naturals in each set. Naturals in two sets and logarithms in one set. 


overlap, so that the combined scope of a plurality of tables is depicted. Com- a 
plete references, and a discussion of the six sets of tables, are given in Appendix — J 
: iT; and the mathematical derivations are re presented i in Appendix II. Referring — 
& Table 1, let: e be the base of natural (Naperian) logarithms = 2.71828 +; 

M be the magnitude of of al Me be the value of M found by propor- 


= hype z+ p [hype (x + ¥) — 


.-(la) 


— 
| 
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— 
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— 
— 
» 
— 
— 
— 
— 
| — 
| 
— 
; wad Mr = hype y = hype (r+ pv)................ (1b) 
| 


_-~polated: and p, equal the critical value per group of p epeeenpending to Rmax 
os R equals a general ratio of Mp/Mr, as expressed by the basic rib nwrweh 
Eq. 1a _ hype z+ p [hype (z+) — hypez] 

= ee Rg = the maximum ratio of the proportional parts (PP) error. (Resz — 1); 
multiplied by 100, it is expressed as a percentage; 
v = the interval between any two listings of z, in radians; shge as 
@ = any listed radian, in circular measure; and 
ie any unlisted radian (x + pv) whose hypes a are sought. 
“Col. 6, Table 1, shows the approximate percentages of maximum PP-error 
_bygroups. In certain respects group 4 in Table 1(b) may be classed as “‘small,” 
_ but the upper limit of small radians was held at = 6.0 because the more, 
popular tables detail no hypes bey yond that limit. Groups 6 and7 (Table 1(c)) 
_ do not appear as such in current tables. They are included in Table 1 because — 
and discussed in Appendix 


Critical p.-Factors 
Mac? 4 


Fic. 1.—Graps or Criticay (INVERTE ED) 


two sets of tables (discussed the heading, ‘Fission 


a Method ” and in Appendix I) special cognizance was taken of a series of natural 
e-entries against radians ranging up to 100, which is much greater than any — 


_ argument the writer has met in practice. In group 5 their listed interval © 
a, (v = 1.0) would be too large for PP-interpolation, , but it was correctly surmised — 


7 _ that even these widely ‘spaced entries might suffice to implement s some method 


computation yet to before considering any new 


dali Laan 
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by the questions: 


i. there any practical su substitute for hyperbolic tables? and 


i 2. To what extent do current tables y provide » for nonlisted functions? ae 
The first question does not warrant ‘Jong discussion. A. convergent series 
of the y/™-type might indeed be carried (generally by the often puzzling and 
_ always irksome use of log logs) to any desired number of terms (1+ 1). (This bi 
, _ type of c convergent series was used to find the maximum PP-error in group 1. na 


_ Again, the magnitude of any hype could be found by a single evaluation of the ie 4 


x procedures of this kind would tend to distract the attention of busy designers 


; 


from the design in hand. They are doubtless useful to ) mathematicians when 
compiling permanent tables, and in research work, but they are much t too is, # 
prolix to replace published tables of reference for everyday | 


ef)-type, which sums up another series and also entails log logs; but academic 


The second question could not be dismissed so summarily. To be sure, — 
_ it suggested the time-honored process of interpolation by proportional parts, - 
which is fairly simple to apply, but its reliability is uniform. Its 
Re-tatiosi increase sharply by groups as the v-interval increases, whereas (within 
2 each group) its R-ratios rise and fall in waves whose crest changes, both in re - 
position and size, as the p-factor increases. One Tigorous characteristic is 
common to all. groups; p = 0.5, R= (see Appendix II). The 
_ method followed in approximating the critical value of the other ratios calls for — a 
the general case, , the writer had been unable to manipulate rigorously 
the basic R-formula, Eq. 1c, with its three variables (see Appendix II)soasto 
locate the critical value of p. corresponding to Rmax and hence for Rg. There- 
_ fore, the writer started with the special ¢ case of large radians and intervals, 
and in that range he found that concise formulas, having ample pr precision, were re ; 
"derivable, and that they would fix the upper part of the critical p-curve 


(Fig. In their development the following identity was assumed: 


ae 
: At x = 6.0 the error in this assumption is less than 0.001%, and it diminishes e 
= x increases. _ By treating the assumption as exact it is readily seen that, 
large hypes are interpolated by PP, f(z) vanishes, and the ensuing 
_‘Telations reduce quite simply from Eq. le to terms of @, », and PY with only two 


—— 
& 
| 
— 

— 
— 
— 
re 
» 
1 
— 
| 

| g 

— 

— 
= 


HYPERBOLIC FUNCTIONS 


ot 
(6) 
aise Sati at 


3 6 tie both sinh and cosh hypes in 
group 5 5 (the principal range at issue); they apply quite well in group 4; and, to 
- some extent, even in group 3. The R-ratios as thus forecast can be checked d 
most easily near the boundaries between these three groups, and by the aod 
nonconsecutive entries suggested subsequently. It will be noted from 
ae 6, Table 1, that, in group 5, the possible error (Re = = 13.1%) is much ; 
ben the case of very small radians, however, f(z), stead of vanishing, 
_ becomes s o dominant that Eqs. 3 and 6 no longer apply, except at p = 0.5. 
Since the a R-equation (Eq. 1c) seemed here to be unworkable, recourse 
4 was taken to a procedure. ‘By Eq. 6, and by trial, the critical 
was also noted _ 
that De to 0.5 5 as z and approach sero, and this value 
assumed for entire group 1. The simplest reverse curve was then “faired” e. 
_ by eye, tangential to to the curve at group 3, and to the horizontal at group 1. } 
This curve gave p, = 0.499 + as the nearest three-digit value (less than 0.5) 
for group 2. The respective Rz-ratios were finally adjusted to correspond, and 
‘These 1 ratios show tenable trends at the lower end of the curve but they : are 
too small for close checking, even by seven-place log tables, and their true 
values are uncertain. . The topic is intriguing b but purely academic because 


the amount of the PP-error here becomes microscopic. To summarize, the 


Groups 3 to 7 

and group | 1) was too small to be checked. 
Of more ‘practical significance ¢ as applied to Eqs. 3 and 6 is that v 

“a is not restricted to the intervals that characterize groups 3 to 7 in Table 1; 
is restricted to factors less unity these equations satisfy 
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_ pair of large or semilarge radians. The validity of Eq. 3 and of Eq. 6 can thus 


HYPERBOLIC FUNCTIONS © 

the e main problem i is ‘reversed, : as in 1 computing radians 
- is subject to considerable reduction because those terms that might have or 

dverse effects can then be thrown into a relativ ely small. addendum, S(pv). a 
This truism is applicable to any approximate method. 
_ the heading, “ ‘Fission Method,” Example 2 illustrates the closer ‘precision = 4 

attainable by both PP and fissio fission in this: type of problem. 

eli In either type the survey, as summarized in Table 1, definitely indicated _ 4 ¥ 


5 that the PP-process of interpolation, although entirely adequate for small 

7 radians, might lead to excessive error for the large ones at issue. — In the former — 
ranges the exact amount of error was theoretically | elusive but is practically — 144 

4 negligible, whereas in the latter it was readily ascertainable and is important. | 


| 


‘Tt was concluded that either more comprehensive | tables would be necessary, 


or a better method must be sought for handling ng large radians and hy pes. aa : 

4 Purther of this dilenms. led to the dev elopment of a procedure that 


is based on well-know n theory, but whose practical application may be new 
many engineers It asks for no elaboration of existing tables. By this 
process the unlisted hypes of any large radian (up to y = 100) can be inter- i a 
_ polated very rapidly (but not by PP) from current natural tables that list both bape o 
and small e*-values and are otherwise in line with Table 1. the = 
of an ordinary slide rule, such tables permit results that are correct to at 
least four significant digits when hypes are to be computed from radians, or < 
eo three places, and sometimes four places, when radians are to be found from 
—hypes. The process entails much less labor than computation by and 
somewhat less than byt the (here) unsuitable PP-method 
‘The v writer has named the suggested procedure a a “fission” ’ method, ee ot 
splits the nonlisted radian (y) into two listed parts (a and db). 
cosh y = cosh a cosh b + sinh a sinh b. 


a= cosha = 


Therefor, w hen a hence ni is lree, 9 to 
resi 


Eq. general e expression yn splitting any cosh hype. « rene 
___ If logs were to be used, a and b could have any listed values. — ae 


6) 
— 
— 
m 7 = “a 
al 
” 
» 
l 
— 
q 
1, 
on 


> tot fall into such tables as give the most decimals . Under the following rule, 
INES S bis thus thrown into group lor2 (which g give radians to four decimals or ~— 
decimals), whereas a will remain in group 4 or group 5, thus: a (listed) = 

integral part of y; and b (listed) = pv = fractional part of y. b meaterst sit "3 

The handiest tables list values of e’ alongside hypes of b. Ine case such 

tables are inaccessible value sought can be found, but less 


brevity of the fission method. Its trivial aberrations are caused almost 


entirely by slide rule ‘ ‘roundings.” No problem needs more than two tabular 
Example 1 (Direct) ; Compute Sinh 28. 49 (Unlisted) the rule for 
-b, a = 28 (listed) and b = 0.49 (listed). Eq. 11, then, yields (by slide rule): 
sinh y = $e” = 1.632 X 723 X 10° = 11,800 X 10°. ee a 
Example 2 (Reverse); Compute y (Unlisted), from Cosh y = 718 X 10*—In 
_ this case a = 16, which is the integer-radian x tabulated next preceding y, in 7 


a which (compare Eq. 2) ev = 2cosh y = 1,426 X 104. Consequently, e* (listed) 
_ = = 8,886 X 10°. By Eq. 12 (using slide rule), e’ = ev/e* = 14,260/8, 886 


Logarithmic (seven place) a 11,804 (10%) . etd 16.473 © 


Norm 
Fission (10-in. slide rule) 11,800 (10%) 0.034 16.473 
Proportional parts (10-in. slide rule) 13/320 (108) «(12.8 | 16.352 


two examples. The method marked “logarithmic” furnishes norms of pre- 
cision against which the other two methods are rated. _ These norms were _ 
calculated by the meticulous e/)-procedure and checked | by seven- -place "oe 
logs with Eqs. 11 and 12. The “negligibility of fissional errors is i 


Table 2 compares three of the herein discussed as to the 


; 3 immediately. The importance of adequate precision is properly emphasized 
_ because even a small error in hype magnitudes may have a considerable effect 
on the final design, “especially in those rather frequent cases in which the - 


critical difference between two quantities proves «to be relatively small. 


lt wile 


‘The to the fission method is directed 
o are the hypes. of fractional radians lying between 6 and 100. Within this range ji 
vo _ the entries listed in current tables can be combined by slide rule at a single 
step to find any intermediate unlisted hypes with a precision substantially 
that of their listed sources. _ In its labor-saving slide rule. work | the method 
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Ps calls for no special skill to meet the ordinary needs of civil sen Those 
who. prefer to use log logs can apply the fission concept as a quick independent 
The fission method is not applicable to cases in which radians are 
. less than 6; but in those cases the old process of interpolation by proportional — 
parts is fortunately available, andis adequate. = 
Thus, the unlisted, as well as the listed, hypes of all radians in enberel 

become readily determinable. the of cubic and 


trigs), and has emphasized its general advantages. (By printer’s ‘error, 


radical V3A+ yi appeared as V3 A — in that work.7) To these vadvant- 

pecial relief afforded by fission 1 may now be added. The writer has 

-_ investigated the extent to which the fission method may be desirable Mc, 
other fields, but its practical scope e appears to be quite 


z= The six tables containing that were examined 
detail are listed chronologically in Table 3. Each one appeared to be 


es 


_ in its respective fields, but not equally well suited to the objectives of i 

method. In sets 3 to 6 (Tables 3(c), 3(d), 3(e), and 3(f)) s some e entries 
were either too widely spaced or too limited in range to meet all | cases readily. _ 

> This was notably true in the otherwise meticulous British set, set 3 (fifteen = 

decimal places), which was found only in very large scientific libraries. 

ia However, it was the writer’s experience that sets 1 and 2 (Tables 3(a) and 

; _3(b)) were fully suited to the fission method. Their hype entry and f(e)- ae ep 

: _ comply essentially with the ideals of Table 1, and they were the only sets found © i 
containing group 5 (Table 1), the principal range at issue. 

_ For general purposes the Smithsonian tables are the more comprehensive. Be os 
Fs They are best suited to logarithmic computation. - For fission by slide rule Be 
may entail reference to three dissociated pages of the book. 
_ The Hayashi tables* contain only natural functions and are thus ae. a 
to slide rule computation. a (Note: There is an error in the ‘Hayashi t: tables* 

where the factor for e should read and not “10. Most of the infor- 
mation needed for a given problem is assembled on a single pair of facing aie 
only one additional crossreference being required. This handy little book, — 

although published abroad, is classed “current” because copies were on 
general sale in New York, N. Y., prior to World War II, and are doubtless 

The only known previous’ literature on the practical of the 
present study consists of brief statements in the prefaces of ss io of the — “ 


of reference, none of which, however, suggest fission. _ 


v= 


“Solving Cubic and Quartie Equations,” by F. T. Llewellyn, Engineerin) News-Record, August 

*“Fanfstellige Tafeln der Kreis, und by K. Hayeehi, “Wolter de 
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TABLE 3. —Prrtinent Dertaits or Six CuRRENT Sets OF Navona 


Ser MATHEMATICAL TaBLes,” Functions) By G. F. 


BeckER 
Van Orsrranp, Smirasontan Institution, WasHINeToN, D. 


Five 
; 4.N Seven and six 
at L,N_ | Seven and six 


Integers 


in © 
= 


a 


Ser Taretn DER KREIS, UND By K. Hayasat, 
WALTER DE ‘GRUYTER AND Co., Braun, Germany, 1928.0 2 
0. 0.0001 Five and six 
42 to 157° 0. 0.001 Five and six 
158 to 171 0.01 Five and six Hata 
(171 to 0.1 Fiveand six 
wl? 174 varies: Twelve, ten, and 


Eight 
to 176 = 


(c) Ser 3.—“Matuematicat Tasies,” Brirish Assn. FOR THE oF 
UNIVERSITY Press, CAMBRIDGE, 1931, Vou. 1 


D. C., 1937. 


Ser 5.—“Marsematica, Tastes oF ELEMENTARY AND Some HIGHER MaTHEMATICAL Foxcrions 
_Inctupine Triconomertric Functions or DectmaLs oF DeGREEs AND LoGaRITHMs,” 


128 to 147 0.001 
148 to 165 ise af 0.001 ON Nine 


Nine 


Ser 6, I LACE BY McGraw- Hm Boox Co., Inc., 


172 to 191 o 0.001 * N 


¥ 


& 


«General reference: ‘‘An Index of Mathematical by A. Fletcher, J. C. P. Miller, and 
Rosenhead, McGraw-Hill Cook Co., Inc., New York, N. 1946 (an analytical summary including 
hyperbolic 'tables). Same as the foregoing three groups. ¢ functions not pertinent. 
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— General Relations at p= 0.5.— By trigonometry, 


= sinh cosh » + cosh zsinhv...........( 


‘he basic Eq. de is then written— > LOG 

Res R (sinh) = Mp sinh + p [sinh (x + v) — sinh z 18) 


vant 


p= cosh sinh co z cosh 2 - cosh z sinh. ang | 


=< 


a sh) = cosh 5 >. 2 cosh 2+ sinh sinh 2 
cos cosh = | cosh z cos sinh z sin 
Mp ( (cosh) = cosh cosh ( 2 z+ cosh = M 


Then ‘R (cosh) = = cosh 5= = cosh po (see Eq. 4). ‘Thus, in all groups, and for | 


ri 
sinh and cosh p = 0.5, R - = cosh p = 0.5, how- 
ever, is not (Table 1) generally a maximum. It is almost maximum 
groups 1 to 4; but in group 6 it drops to 56%, and in group 7 to only 9. 2% of 


EQ. 8 Large).- x is large Eq. le, as by Eq. 2, becomes 
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and thus R and are the variabl By R (or 3 


ih ee when its first derivative (with respect to p) is zero. Here dR gives — 


and, dividing by », the critical value of Po e--=- (see Eq. 5), in which 
Pe is positive in interpolation and in upward extrapolation ta air) ved 


Hence, = (e? — 


_ Since the second derivative of R here becomes negative, this point ‘of inflec- 
Sin denotes a maximum. . (By inspection, minimum R (= 1) occurs at = 
points (p= = 0 and but not points of inflection.) Then, 
3 


po 


not be differentiated, _ but rather that the i expression became too com- 


plex to justify its rigorous solution. It definitely indicated, how ever, that fo 


small radians p, would vary with each entry, and not pergroup. 


mi Since trial had shown that Re was here quite negligible, it seemed sufficient — 


- to indicate reasonable trends at the lower end of the curve as in Fig. 1. An_ 


alternative hypothesis might be that p, = 1.0 instead * 0. 5 for group 1, 1 
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etemmaiiie values. The method to overcome this ‘deficiency i in the tables is 
_ based on the use of a trigonometric equation that has been in use for many years. oe 
Although the use of the word “fission” to designate this method is grammati- 
a cally correct, it is open to question because it is based on the use of a long- Lo 
; established trigonometric equation. The writer objects to the author’s use of _ 
_ the word “radian” to define a hyperbolic angle because radians are the me 
circular functions that are lacking from the close analogy between circular and — 
_ Theexpression sinh v = }e* is correct’® to within one decimal place for Talley 
7 of v from 5. 09 to 6,908 and to within two decimal places for values of v sl 
6.908 to 9.210. - Therefore Eq. 10 gives precise results when » is larger than 5.09. a 
_ _ This equation will give results correct to within 1% when v is larger than 3.00. ig 
_ Asa matter | of fact, there i is a suitable substitute for tables of large hypes. 


» 7 
“hae engineer r has access to a log-log slide rule or to a four-place table of ag) 
oa Naperian logarithms, either of which is sufficient equipment for the calculation _ ae 
of large hypes. The writer will present and demonstrate a a method oe testing va a 
the accuracy of values obtained by interpolating intables. 


Using i inverse hy functions and sinh v by u then, 


the hyperbolic anges v is large, Eq. 24a is approximated by 


= X 10" = log, 2 sinh + 2.302585 X n 
‘wakes log. 2 sinh v X 10" — 2.302585 X n 


7 Since log, 2 sinh » must be a positive number, it follows that the multiplier 


= of 2.302585 in Eq. 26 must be the largest whole number of which its product a "9 


in * Designing Engr., Virginia Bridge Co., Roanoke, Va. = | 
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* 302585, when subtracted v X 10*, will leave a remainder. Since vis” 
_ either known or to be determined, the multiplier 10" can be omitted in Eqs. 25 
26. Using the the | data from Example. lla of two solutions of Eq. 

log table Log-log scale of slide rue 


28.49 = 803.6 X10® —«:11,800 10° 
Using the data from Exa mple 2, a similar comparison of two solutions of Eq. 


16473 


4 The foregoing results are thee same as those obtained by the aut mdigey’ 
‘There is no need for interpolation in the case of large hypes when Eqs. 12, _ 
85, and 26 are used. al Interpolation for "large hypes i is difficult for the following — 


reasons: Consider an ordinate to the z-axis produced until it intersects the upper 
and lower branches of an has its origin at the 


ve 


= 


7 bolic ¢ cosine, cosh v, is equal to the distance measured along the z-axis from the 2 
ordinate to the origin. _ The asymptotes of the hy perbola m: make an angle of 45° ; 
with the z-axis, and the sinh and cosh.v are ure equal when v is infinite. As 
increases, the ¢ curve approaches t the asy mptote rapidly until, for successive 
values of cosh 1 v, the e increase in area becomes very y small. . For very large values” 
of van infinitesimal i increase in v causes the increase in sinh v and cosh v to be- 
infinite. ‘Therefore, if tables are to. be adaptable to interpolation, the 
interval between successive tabulated values should diminish as » increases. 
<4 Since this is not the case in any of the tables described by the author, these 
‘tables cannot be used for interpolation between large values ofv. a 
{oo - Consider four successive terms, having equal intervals, taken from a wiles 
_ of hypes, and denote the first term bya. Let the successive , differences between , ‘ 


the four terms b be di, d’, v% , and a"; then, to find the value between the first two — 
terms at thelth ¢ of interval, n d, is toa This is is the same as direct 


_ interpolation: by proportional parts. Now let d, and d’ be e the successive — 


the z- z-axis slene the ordinate to the upper branch of the curve; and the a 


af 


5 
J 
Mi 
Se aa oint of intersection of the ordinate and of the c ( al 
¥ 
5 
@ 
4 
5 


SHERM: 


d's; a better approximation for the interpolated term T is given by the he following: Be 


atnd +5 (n— 1) (m— 1) (n — 2) 
Eq. 27 can be used for interpolation for cases in which » is less than 5.09. ee J 

& For example, let sinh 4.75 be required when the values of sinh for 4. sed 4. 80, ae 


4. 90, and 5.00 are known. The calculation i is performed as follows: 


int sinh 4.75 = = 64: 969 4 5.782 0.608 0.064 which | is the ‘correct 


value. Teterncletion. by proportional parts { gives a value 54. 969 + 2.891 = 


f 


ei hen Eq. 26 is applied to determine sinh 28.49 from the tabulated values 0 
sinh 28, sinh 29, sinh 30, and sinh 31, iti is found that di is larger than d, and dg i is 
larger than de; thus it is evident that interpolation i is not possible . Calculating 7 
values of sinh for 28.4, 28.5, 28.6, and 28.7, Eq. 27 gives a value of ll 804. 6X 10° 
- for sinh 28. 49, which is reenteey te to within 0. 075%. In general it can be stated x 
s that interpolation can be made by proportional parts when d, approaches zero at 
8 and that Eq. 27 will give ; precise results when each difference is about one tenth. 


the preceeding difference. When the differences spproach equality, quantities 


ve ure in this discussion will give | results ‘sufficiently precise. _ The writer is of the 


opinion that Eq. 27 is a much more workable test for interpolation. than Eq. 6 Fs 

| and that hyperbolic functions are not indispensable. _ The most accurate method 

‘| a computing cubic equations i is that proposed by Ww. G. Horner, which can be eile 
4 f. used for the solution of quartic equations after the resolvent cubic is obtained. = 

a W ith the theorem of J. C. Sturm used to obtain the nature of the roots, the re os - 

- solution by the Horner method is an elegant application of mathematics. The ise ay ae 
solution o: of cubic and quartic: equations by radicals, which involve the use of 
S. circular and hy perbolic functions, is more expedient than the Horner method ham. Lene 
is sufficiently precise. - How yever, when they find that the solution of a problem 
by a direct method involves hy perbolic functions, ‘many engineers will use 
of the longer methods, which can be worked by simple arithmetic, until they a 
find that hyperbolic functions can be ‘computed readily and precisely. ‘The 


therefore, believes that the paper is and 
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| 
ON HYPERBOLIC roxorions 
Cooper. u—For the solution of cubic quartic equations, the 
_ author has found the need for hyperbolic functions of arguments larger than 
six radians. . From a survey and analysis of available reference tables of — 
~ natural functions he has concluded that interpolation by proportional parts 
i may lead to excessive error for large arguments, and, therefore, that either 
‘more comprehensive tables or a better method must be sought. on 
comprehensive tables are available. The tables prepared by L. J. 
Comrie make it possible to obtain the values for the author’s examples by 
proportional parts, although t this” is not either the best. or 
will serve to illustrate the use of tables. 
9 


= 2.157562 384475 10%, Hence, sinh 28.49 = 


Example compute arcosh (713 X 104) = y, we have 2 cosh y = 


= 1,426 X 104. Then, = 1.465072 X 10’ and =1, 325652 X 10’. 


1B 
‘Intl the explanation t to his tal tables, Mr. Comrie ‘says’ 


be obtained. Of these the best is in which z is 4 


ca tm nto two parts « a (a tabular argument) and b, so that e* = e*t = e* X e?.” 


- This is the method to which the author draws diieiiien as being somewhat 
tess laborious and much more accurate than the use of proportional parts. 
¥] it is not necessary, however, that a should be large rge and b should be small, 
as the author suggests, but only that b should fall into such tables as give 
e sufficient decimal places. Thus, when the argument z is even it will often 

. be possible to reduce the author’s two tabular references to one, and, when it is 
odd, it will be possible to reduce them to one entry for two adjacent values. 
For the inverse operation the given value is split into two equal parts by SRE 
the ‘square root. Proce cedure is by the : 


is 8. a = 14. 25 and = 14. 24 (both listed i in ag ’s tables, 
then sinh 28.49 = X 1.544 X 1.529 10" = 1.180 X 10% 
Example 4.—If a = b = (2 X 713 X 10)! = 37.8 X 10* from tables — 


— 


= 3,752 and = 3,790. Hence 2 X 8.237 = 16.47. 
It should not be overlooked that repeated fission will make it possible to 
_ obtain the values of the hyperbolic functions of large | arguments from tables 


that are restricted to small arguments, 


Although the author has emphasized the use of natural funetions, his 
_ problem may be solved without them. If the required accuracy is 1%, the — 


re Principal Research Officer, Div. of Forest a Commonwealth Scientific and Industrial Re ‘7 


Mathematical Tables, by L. J. Comrie, W. & R. Chambers, , Ltd., 
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These expressions combined will also give tanh: z to the same degree of accuracy. — 


At z = 3 the error involved in in taking sinh z = cosh ; t= = je is 0. 25%, and i. i 


bed 


in taking tanh 1 the error is 0. 5%. < For values of larger than 3, og- 


= sinh 28. 19 =3 a. -49 we have In 2 z= 
i From an elementary table of logarithms In 10 = 27.6310 and In 2.361 = 0.8590. _ 


Therefore, 4, x 2. 361 x or 1. x 10". same solution will be 


“Por the inverse operation logarithms can be used for any - values wea 


arcosh z 


Example 7.—y = arcosh (713 X 104) = In (2 x 713 X 104) = 2. 3026 (log Fe ee 
(1,426 X 104) = 
_ A slide rule and an elementary table of logarithms ‘suffice ENE 
author’ s problem. With the additional aid of the writer’s two simple approxi- _ 
mations, any values of the hyperbolic functions or the inverse” 


functions can be obtained to an accuracy better than 1%. = 


the computation phase comprises the of numerical values 


therefrom. It will be found, then, that the most “elegant” solution may not 
ve very often does 1 not, lead to the most efficient method of computation. 


_ Furthermore, in the field at issue, the author affirms that the practical need. fe, ee 
is snot for additional research by mathematicians, for they have provided ample a ; 
apparatus to choose from. _ Rather, the desideratum i is to select and to stand- ae wea 


ardize the fewest possible lines of procedure, so that ya £94 embrace the entire 5 
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matical formula it is helpful to consider its two phases, namely, solution and . 
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ON HYPERBOLIC FUNCTIO 
attempted in the ‘paper, and upon this approach the writer's closure will 
“a7 ie The y/ type of series, to which the « correction (1 + n) pertains, is useful 
in those rare cases in | which y _< 0.00 0001, which is the > smallest radian usually 
- tabulated. . The writer recently encountered two p problems (one in industry 
and one in research) wherein such meticulosity was desirable. In those problems 


the series converged so rapidly | that the third term (where n - 2) would have 


affected only the 19th decimal and, therefore, was disregarded. ‘Thus, provided © 
y < 0.0001, four expressions of this type are cor to at ‘Teast 18 


a 


n(y)=y- 
expressions may be found i in the Hayashi" tables. 
ay the case of larger radians, the several series conv erge more slow ly, aan 
_ many additional terms may be required until the labor of computation bescmnes | 
_ prohibitive e. For this ‘reason, rather than’ the one suggested in the paper, 


“3 euvmaent. series of the yo ) type are not suited to general use. 


_ Another brief note, that may clarify Table 1, is the fact that all the values 


f Re are expressible also in terms of the square of the 


Thus, 4, and 6 could read as follows: 


the abbreviations and “trig” The following Wi 


show that the terms were not chosen n idly. 
The word “fission” was adopted as being more ters then the term “trigono-_ 


metric equation” (which Mr. Sherman seems to favor), or than the term 


“addition theorem” (as used by certain other writers). “Fission” was preferred 


Fiinfstellige Tafeln der und by K. Walter de Gruyter s and Co., 
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matter of terminology Mr. Sherman objects to 
eee ME gy Mr. Sherman objects to the writer’s use of the | 
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on’: HY PER 


to “splitting,” it implies ¢ a re- it is 


The writer anticipated some tdveree comment on the secondary meaning 
which he ventured to assign to the word “radian.” would point o out, how- 
ever, that many technical words are currently u used in more than one sense. 
_ Thus, the word “natural” denotes Naperian as opposed to Briggs logarithms, — 
and ‘it also distinguishes numerical from logarithmic functions. — Such words as 
“circular,” “characteristic,” “argument” are also used in two ‘senses. 
These double usages cause ne confusion provided the context shows which : 
neaning is intended. If the word ‘ ‘argument”’ had been substituted for 
‘radian,” it would have been petheareryr in repeated instances, to add the | phrase 
she. ‘in circular measure.” The writer sought to avoid this needless verbiage by -_ 
the two meanings 0: of “radian” early i in the paper, 
i To reciprocate, the writer would question Mr. Sherman’ 8 ‘unqualified use 
the word “interpolation” in cases in which he apparently means interpolation 
4 by PP. This is not a captious criticism because two methods of interpolation oe 
are in “question. For) small radians Gn which y y< 6, and the standard PP 
method is suitable), the corresponding hypes advance (within 13 X 10-* %, or _ 
Z less) in arithmetical progression with the adjacent entries. For large radians 
dn which y ‘> 6, and a fission method is suitable), the corresponding hypes 7 
advance (within 6 X or less) in geometrical progression with the 
comes _ Based on his toletenes to “Hitte, 10 Mr. Sherman finds two radian zones, 
7 = |= from 5.09 to 9.21, within which the author’s Eq. 10 would be correct 
rs to stated decimal places. _ This concept of overlapping zones is undoubtedly _ 
the more: accurate, bu but, as stated in the paper, transition at (x = 6) to dis- 
 tinguish large from small radians, was a practical concession to the grouping 
and seope of current table. 
‘The writer has not had occasion to use Eq. 27. -Howev er, he agrees Gi. se 
for small radians, it should give very close results, but its application must be > Sanh 
; quite lab laborious and its need almost nil, except perhaps i in computing reference 


ia tables. By contrast, the at author’s two simple methods (PP) y< 6, and 


> fission w! whim y > 6) are sufficiently precise | for the entire range of most struc. . 


In his summary, } Mr. Sherman recommends the ‘ ‘indirect” Horner and 


Sturm theorems as accurate aids in ‘computing cubic and quartic equations. 
But, in having coefficients, the application: of 


= 


On the other hand, the “direct” methods cited in n the paper for 

-eubies, and preferably Euler* for quarties) give all the roots at a single opera 

_ tion. « When these methods are used, labor is also 1 reduced to a ‘surprising 
extent by the adoption of standardized work-forms. A fuller discussion on the a 

Various methods for handling cubics and quartics would fall outside 


4 


q 


= 


ay 
2 


— 

wi — 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

= 

4 

— 

im 

oper) especially) to suit the routine of busy designers. Moreover, each opers  — 

n will 

gono- — 

— 

term 

fe 

snd Co, 

ball view Une papers - — = - 


Mr. Cooper’s comments disclose the global 1 reach of ASCE activities. Thus, 
Fy ) ‘the first hint to the writer as to the existence of the new Comrie tables" (in an 
English publication) has come via the antipodes. . Phese tables are dated 1949, 
the year in which this paper was submitted to the ASCE. Had they been 
available at the time it was written, their reference would have formed a 
_ It is no coincidence that, although working independently, Comrie used the j 
ps terms" as the present author in describing the splitting operation, because _ 
the basis for that operation had long been known. . The writer has not seen a 


- S, 7 copy. of the Comrie tables, and therefore he is not sure as to their spacing, but 


» 
¥ ea Mr. -Cooper’s examples imply that v = 0.01 at z = 14, and thatv=Ol at J 
a wa z= = 28, both intervals being closer than the | spacing (v = 1) for the author’s ys, 
ral; Bp. 5 in either the Smithsonian or the Hayashi sets of tables. Thus, the [> 
§ - Comrie ratios of error would here reduce to those of groups 3 or 4 (see Table > ia 
Cols. 4, and 6), thereby affording still closer precision in the handling of | 
 Itis to be noted, however, that Mr. Cooper’s Examples 1 and 2, which were | 


compte from the Comrie tables, entail major PP interpolation, whose scratch 3 
. work he does not transcribe. _ The addition of this extra work would make the + 


ome 
— 


total labor somewhat greater than that of the author’s corresponding examples, | 
which were computed by fission ata single step, with ith only one easy mental ~ 
The possibility of computing large hypes by “repeated fission” (see Mr. 
a tug Cooper’s Example 5) was realized by the writer, but this method was not 
a) -~presented i in the paper ‘because it would be either more laborious or else less ess 
precise than the single and ingle tule in the “fission 
_ ‘The writer’s more general reaction to Mr. Sherman’s Eqs. 24 to 27, and to 3 
7 4 mS Mr. Cooper’s Eqs. 28 to 29, may be combined. « These contributors together _ 
; “i present a total of six stimulating, but occasionally abstruse, formulas for com- — 
puting hypes for determining ‘ “individual” degrees | of precision. Their 
‘results: check quite well with 1 those of the paper. Some of these ‘formulas are 
to the writer and others could be cited. This approach ‘differs essentially 
a. from that of th the paper, which was to standardize only two simple 1 methods, one ‘a 


for large and o1 one for small hypes Soi: a we transition at t= 6), and to 
he author believes that the 


nee 


js 


— 


| _ Both discussers envisage a free use of logs, which the author aimed to avoid in in | 
ay ms 4 this field, primarily on account of the labor their use entails. In high precision ’ 

~ » ee _ work there is a further drawback to the use of log logs, in that the number $7 

i — eoene correct places in their mantissas is reduced by the maximum number of digits in 

ae _ the characteristic of the associated logs. This loss may become significant in in 


4 “cases in which the values very large hypes are sought. 3 
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ce. ete an 1 old problem, air pollution has been the subject of increasing _ 


oh a research because of the realization of its health implications. Studies have 
linked air pollution with loss of well- being or illness and have further 


ide 


ke the © ‘ey that specific topographical and meteorological conditions may result in fatal a 
apie) | concentrations of air-borne poisons. Reduction of the pollution load is not § 
nental 3 _ always economically feasible with available devices, but research and restriction 
| should aid in the solution of the problem. 
Industry | as well as government must take steps to clean the atmosphere. 
| ‘The engineer in industry will play an important role i in reducing the 
fission which are qualified | to assume this problem. 


The problem of atmospheric pollution is old, but the health implications 


= have been the object of increasing scientific and lay concern throughout the = 
UB te States. The first historical concern with air pollution was recorded “te 


te as early as 1257, when Eleanor, the queen of Henry III of England, was <a Se 
¢ puted to have left the town of Nottingham because she was bothered by smoke. _ 


Legal cognizance of this nuisance came in 1306, _ when a royal proclamation a - 


| was issued prohibiting the burning of coal in Leadon. Following these ae 


g efforts to abate the smoke nuisance, England has conducted systematic ne 
studies* 3, "on atmospheric pollution si since 1914, 


Norg.—Published in June, 1951, as Proceedings-Separate No. 73. Positions and titles given are thove 
in effect when the paper was received for publication. 
: a, 1 Asst. Chf., Div. of Industrial Hygiene, U. 8. Public Health Service, Washington, D. C. ree is 
- a 2**Atmospheric Pollution in Leicester, A Scientific Survey,” Technical Paper No. 1, Dept. of Selenite 
Industrial Research, Atmospheric Pollution Research, His Majesty's Stationery ffice, ‘Yondon, 
Feat Linkage,” Fuel Efficiency Bulletin No. 51, Ministry of Fuel Power, His Maley 8 
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Studies in Salt Lake City, Utah, and Grafton, West Va., followed in 
1919. From 1926 to 1929, Baltimore, Md., Washington, D.C., Pittsburgh, 
New York, N.Y., Boston, Mass., Cleveland, Ohio, Columbus, Ohio, and other 
cities were the subject of investigations: Then, from 1931 through 1933, the the 
ee. ce United States Public Health Service (USPHS) undertook a survey of fourteen be 
of the largest cities in the United States. The famous smoke-control program 


ins a number of other industrial cities. 


. aa a: om of St. Louis, Mo., in 1939, typified the smoke-abatement measures inaugurated 


Despite this early concern ¥ with air pollution, the full realization 
i. ey of the health implications inherent in the problem were not yet fully apparent. | 
ae 2 _ Understanding of the nature | of air pollution has antedated this ‘Tealization | Ol 
_ ee by less than a score of years. . Only since about 1930 has it been possible °i of 
; an put the problem under a microscope to analyze its component parts. It is | tio 
I es known that air pollution embodies more than the smoke aspect, which was i po! 
first, and consideration must also be given to the dusts, fumes, by 
ss - vapors, mists, and other contaminants that are emitted from industrial plants. | col 
_--' The latter make up, by far, the more complicated phase of of the problem because | an 
they do not. lend theanselves to a uniform solution. ta 
P ae The control of smoke is well understood. _ Smoke-abatement measures are 3 ta 
De 
tru rna tor Th 
} measures s do not solve the entire polution problem, wh 
To rid the atmosphere of the contaminants spewed forth by countless 
operations calls for a number of varied control. methods. The spelters of 
i= ce Ser zine plants alone emit such particulate matter as zinc, lead, cadmium, sulfur, “te 
ed and chlorine, as well as gaseous substances like sulfur dioxide, carbon monoxide, 3 ai 
and carbon dioxide. Considering the vast number of industries using raw ho 
eae PAL materials and intermediate products, which produce great numbers of con- . 
— _ taminants, as well as the millions of homes and transportation vehicles that J 


eontribute ws air r pollution, r realization of the magnitude of the problem cannot 


‘a is an intensification of this problem can be expected. 
Beas. AS new industries are developed, it is imperative that proper precautions be | fo 
taken to control the resulting pollutants. == §| = Fan 

; - : 5 Proceedings, National Smoke Abatement Society, Chandos House, Buckingham Gate, London, im 
*“The Investigation of Atmospheric Pollution—A Report on Observations in the 5 Years Ended 
A Siet March, 1944,”" His Majesty’s Stationery Office, London, England, 1949. bt 

é = sgt, ae -1™The Weathering of Natural Building Stones,” by R. J. Schaffer, Building Research Special Report 
ay hg” sine No. 18, Dept. of Scientific and Industrial Research, His Majesty's Stationery Office, London, England, 1932. fo 
- > “‘The Smoke Problem of Great Cities,”’ by Sir Napier Shaw and John Switzer Owens, Constable & the 
B. Cohen and Arthur G. Edward Arnold Co., Ww 
in 

wt. “Dust, ” by 8. Cyril Blacktin, Chapman & Hall, Ltd., London, Engiand, 1934 ag ag i 8€ 
12 Bulletin Nos. 1-9, Smoke Inventignti A 
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Anticipated increases in. ‘population “present: difficulty, since 
_as well as contaminants and certain meteorologic conditions, are factors of 
air pollution problem. The congestion of population | and concentration 


of industries are reflected in voluminous literature describing the economic and ao 
_ nuisance effects of air pollution. In addition to these considerations has come ia Pe. 
33. the tes awareness (and whether or not it is justified i in every instance remains to a, ead le by 

> 


be proved) that air p ollution is affecting the people’ s sense of well- being. Air — 


wraos. ‘pollution has passed the nuisance stage and has more than economic and Ps ie 

parent. Much voiced 01 over the effect « of ‘air pollution on the 

lization _ course of tuberculosis, its deleterious effect i in shutting out the germicidal rays a : 
sible to | of the: sun, , and other theories; but the case does not rest on conjecture, ,specula- 

. It is ~ tion, and theory. The first major evidence of the health implication of _ 

ich was pollution: came in 1930, when the Meuse Valley in Belgium was blanketed 

fumes, bys a heavy smog and sixty persons lost their lives. Prolonged stable weather 
plants. | conditions had bottled up the contaminants in the valley for about four days, aise as r 
the concentration of chemical fumes increased until lit 


ires are October, 1948, similar ‘meteorologic ‘conditions 
on the Pa., where almost 6,000 persons were affected, twenty o of them fatally. 
“These In both the affected communities, located in bowl- -shaped valleys 
owever. H where contaminants could be easily confined, experienced | a meteorological 
dustrial phenomenon known as an inversion. At ‘mah times, the temperature of the 
Iters of ‘ air at gound level is less than that of the air above, whereas, normally, the 


, sulfur, _ reverse is true. This stable condition minimizes the vertical mixing of the 
mnoxide, | air that normally takes place, : and the absence of strong wind currents keeps ; | 
me horizontal dispersion at minimum. Donora these conditions lasted 
of con- ] four and one half days. Had they lasted only a few hours or a day or’so, ‘the ot ¥ % 
les that J results, of course, would have been different. Short periods of smog are not — me oe 
cannot “uncommon | and present no danger of wholesale sickness or death. It is tis the a 
prolonged smog that may have a disastrous aftermath. 1 

xpected. mae Although the term “smog” originally meant a combination of smoke and : . 


tions be - fog, its connotation now includes all kinds of fumes, gases, and other emissions, — 


in addition to particulate matter. The duration of a smog is dependent on Bt 
meteorological conditions. — Ordinarily, a wind or cleansing rain will come to “ee 
rom away the contaminants before they reach dangerous concentrations, 
_ but since weather can be “a bad actor,” common sense dictates preparedness nee 


Aside from these dramatic, acute episodes, recurring smogs 


with disagreeable effects occur in many are areas. as. In Los Angeles, Calif., for 
instance, about ten to twenty times 8 each year smogs cause residents to suffer Pa) ait i 


tie severe lachrymation as well as irritation n of the nasal passages. The Los 


d Schoo Dol of Angeles situation affords one of the best examples of the distinction between gS is ; 

smoke and industrial emissions in the of air pollution. City 
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yet it has a genuine air pollution problem. 
serious effects of contaminants on health may be illustrated by 
findings of investigations of plant-working environment, which can be more 
a closely controlled than that of the general atmosphere. Lung disease has been 
. _ shown to occur among employees exposed to beryllium compounds. 13, 14,15 In 
some areas, it has been alleged that people living near beryllium plants hewll 
a - ie been affected. Investigations have also emphasized the occurrence of pneu- 
To understand the health implications of air pollution, the Donora incident 
: i" should be studied in more detail.'* This was investigated for one year by the 
\ . a Industrial Hy giene Division of the USPHS. ra The ‘salient points i in the biological 
‘ j 7 ‘oa . ’ data are the incidence and severity of illness during the : smog, the main clinical 
a Forty-three pereent of the population was affected, ranging from. slight to 
_ extremely severe affection.” There were twenty fatalities. The affection was | 
essentially an irritation of the respiratory tract and other exposed 
membranes. ‘Particularly notew: orthy was the direct relationship of both 
incidence and severity with increasing age. This observation has much 
‘meaning because of i increasing interest in the science of geriatrics and concern 


with any influences to which the elderly may be particularly susceptible. In 


a "i searching for indications of pre- -existing ailments it was considered highly 
_ significant that the fatalities had histories of previous _cardiorespiratory 


q 


Although these findings present a substantial of data, they cast a 
ta has 
~ gueceeded in emphasizing just how fow conclusions can be drawn. The acute 


‘effects of ai air have verified, but n no has been shed 


— in which people’s health is affected by continuous exposure ta to the 
usual concentrations | under normal weather conditions y year in and year 


_ In addition to o determining the ou effects on healthy people, a special ; 
and with other As yet, it is unknown whethen,, 
air only or also causes the onset of diseases. 


- 


Emil Beyer, and Frederick Gregorius, Occupational Medicine, Vol. 5, 1948, pp. 671-683. 
Chemical Pneumonitis Occurring in Workers Exposed to Beryllium by 
Harriet L. Hardy and Irving R. Tabershaw, Journal Industrial Hygiene and Tozicology, Baltimore, 


Pollution in Donora, Pa., of Smog Episode of October, 1948,” Public 
Health Bulletin No. 306, U. 8. Public Health — Washington, D. C., 1949. vee 
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must also be evaluated. ‘ The possible special effects of air on ‘children 
hie ae and on elderly people must also be ascertained. Does the loss of sunlight | vis 


ited by lessen a child’s resistance to disease? Whatistheeffect onthe aged? Science’s 
nee conquest of communicable diseases has enabled people to live to more advanced 
as been 


years, and, since their life span has been increased, the effect of — 
by i ; if on this group must be considered to ensure that it is not a contributing factor | a 


tshave | toshortening their lives, 
' on Soh As one step toward answering all these questions, basic research is requisite _ ae: 
to determine the concentration of substances necessary to produce either 
neident | acute or chronic effects. It also must. be learned whether the air Peontaminants an 
by the industry—gases, fumes, and particulate ‘matter—always- act singly on 
ological | human beings, act in combination, or act on each other to produce an aA | 


clinical _ which is more poisonous than any of the single substances or than the S| 


hy ‘Values known as maximum allowable have been established 
light to; for industrial environments where normal persons (excluding children and the a io 
jon was | aged) a are exposed to in- -plant contamination for 8 hours each working day. ee ke 
mueem Comparable information is not available on contaminants in the outside ‘atmos- 1a 


of both F phere affecting 1 individuals of all ages and in all physiological | and pathological Le . fas 
much conditions over an uninterupted period, day and night. 
——— | Authorities who know the limitations must exercise se care in encouraging — ie A 
ole. th ae pollution ordinances. The smoke-abatement regulations in force in many ails 
highly | cities, such as New York, are a ‘step in | the right direction, but legal standards 


men, | - for the control of other emissions cannot be developed until a more thorough aed 


ie ial] _ study of the problem has been made. _ However, industry should take steps to 7 a 

correct their aspect of the situation, which, obviously, cannot be d done overnight. 

Therefore, a pattern of action combining patience with vigilance, and, of course, 


ts At the same time the engineer has the challenging task of finding new and q aa +N 
1e acute 


shed available methods of control sometimes are either inadequate to perform the 
ntrated 


but the 
» to the 
ear out 

special 


of trapping contaminants, or they are too costly. To illustrate the 

nomic impracticality encountered at times, it is that a small 
dpa with a capital investment of $50,000 would be required, by an over- i a 
- stringent | law, to spend more than its total assets to reduce atmospheric pollu- -_ ; 


tion with techniques in current use. Obviously, , under such | circumstances, i, 
a company would be forced to close its doors. 
T 


rete ‘In the absence of suitable controls, plants may be required tor move outside 

whether the city limits. - This solution, « of course, leaves much to be desired for general 

liseases. , application. It might be the answer in limited instances if stricter and better — a 
city planning were encouraged, and if industrial zo zones were established in — 


areas: where the factor of air ‘pollution has been given serious ‘consideration. 
4 Until rigid zoning laws are enacted, a company moving to an isolated cai 2 


cannot assume that it has ‘complete freedom to pollute the ‘atmosphere and ‘oe i 
_ that it, therefore, need not install proper control measures. All too frequently | 7 » 


it has: been demonstrated that domestic is built i in the ‘Vicinity: of 


ie 
4 

| 
] 
d Machle, 
yunds,” by 
more, Md., 
18," Public 
ie 


Then, regardless of the that the were the last to ‘move 
ae that site, the company is forced to take corrective steps by the pressure of j 
public opinion. _ The wiser course of action would be for the company to 
install proper safeguards at the « outset. Ina “true exercise of foresight in 
selecting a site for new epyeatiqne, industry should give due consideration to 


availability of raw materials and personnel, and other factors. 


using available techniques and apparatus, industry, 


a) __ transportation, and other ‘sources of contamination can reduce their air pollution 
a despite the § gaps ‘in 1 existing knowledge i in this field. Air contamination 
can- be readily evaluated by a combination of air sampling with specifically 
designed scientific equipment and subsequent laboratory analyses. ‘This 
- procedure is follow ved on a a quantitative ‘scale, = determination as to 


employ ed these techniques, and they will also be used in yr vt surveys. As 

 @ result of the increasing interest in air pollution, new scientific methods and 
instruments are ‘constant being evolved. For instance, a ‘ ‘recorder’? has 
been developed commercially for _ the ‘continuous determination of sulfur 
compounds in the atmosphere. The electron. microscope has facilitated the 
identification and classification of particulate matter. _ New recording instru-_ 
ments will determine the halogens and the chlorinated hydrocarbons in the 
_ atmosphere. — In the laboratory, special equipment has been set up to indicate 


the reduction of ultraviolet. rays and total sunlight when minute amounts of 


a. be placed on the need to control industrial emissions that i not lend 
themselves to that of regulation. Here, too, various control techniques 


esa of which tower over 500 ft) may be edented: or the answer may lie i in 
conversion—as, for example, the complete combustion of gases to combat 


objectionable odors—or i in collection. | _ The latter technique utilizes a variety hi 
of principles and apparatus, such as “ultrasonics, electrostatic precipitators, 4 A 
steam precipitators, scrubbers, mechanical filters, centrifugal s separators, and 


"gravity chambers. variety of available measures ensures that, by 

large, industrial emissions can be controlled, although better tools may have Fd 

ae To illustrate this point, the zinc plant in Donora (one of the chief contrib- 
iM 4 utors to the pollution load in that area) has already gone forward in the control : 

of the operations that have been mainly responsible for contaminating the — 

atmosphere. Furthermore, in order to be alerted to any impending 2 adverse 
| weether conditions in time to take further precautions, the company installed — 


i teletype machine to receive daily reports of the United States Wi ee 


- Bureau. All these actions will oe. to ensure that there is no repetition of the 
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act 
be 
a Su 
Various contaminants are present in the atmosphere. Kxposure chambers ye 

es — are being used to determine the effects of exposure to various concentrations ]} hi 
te 
he 
4 


mo 


is ‘compelling urgency for further developmental and research 


any to : 
ight in tion is no ry that oe | 
tion to | _ be shelved for a later, less busy day 


the intensive year-long at , the USPHS 

been assisting the states on a consultative basis. pollution studies should 
gute” | be extended to give greater aid to the states with their problems. _ This activity pes 
should be in addition to, and of a different nature than, current smoke-abate: 
ousing, | ment efforts, which must be continued. TRY 
ollution * In increasing numbers, industrial hygienists" and sanitary engineer 
ination state and local officiak agencies are concerning t themselves with air pollution ai 
cifically. Such specialists are the best qualified to assume this r onsibility be 

This control of atmospheric contaminants is only one step removed from their 
n as to traditional function of controlling the working environment. . By virtue of _ 


2 study their position in health departments, they y are also able to bring all the s te _ 

ys. health resources to bear on this problem. 

dsand | W hile official agencies ai are engaged in these studies, industry must work on _ ; 

projects. simultaneously. ‘There is a an obligation on all 
sulfur: conduct diligent research into the status of its own problem. Each industry a7 
ted the should study thoroughly its particular operations to determine what processes — 
instru-— emit pollutants into the air as well as the nature and quantity the 


in the taminants. On this groundwork of data, industry can then base its research 
ndicate | efforts to control the degree of pollution, = jj 
unts of » oe It must be realized that the operators of many plants began on such projects = 


ambers_ _ years ago, and they are to be highly commended. | Others, however, are 


rations — hiding behind the onpane that air pollution is either too vague or too over- — 


niques — ust : as the people were shocked out 0 of their apathy by the sad pollution 
estacks | of the waterways when that pollution reached such alarming proportions, so, 
y liein | too, they must realize that the time has come when industries can no longer 
combat + spew contaminants into the air as eatch-a all dilutant. One tragic example 
variety has ; already shown what may happen when weather conditions become unusual 
itators, - Additional research may also discover insidious effects of everyday exposure _ 
rs, and to contaminants which may e exact a toll on the vitality and w well- -being of the — 
oy and population. me Although the extent of the problem i is not known, the danger — v, 
is ie i The responsibility for the control of air pollution rests in large part with 
ontrib- 5 "engineers, and the public will lean heavily on their efforts. No other p problem 
it 
control - confronting the engineering profession demands more ingenuity or the taxing a 
ng the _ of all resources to cope with than this responsibility for the | health of of the 1 nation. 
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By ROBERT H. -RANDALL,' M. 4 


= 
1TH Discussion BY Mr. Mitton O. ScHMIpT 


4 tive to secure cartographic cooperation on a much wi 
necessary in the past. _ Attempts to secure such cooperation among the Pan 
American nations and among the other nations of the world are described. 
‘The purposes, methods of operation, and accomplishments of ‘several 


of the United Nations participation in the planning. 0: 


‘The term “cartography” 1 of preparin: 
—— and charts and is a term which includes | every operation from cet 
surveys to printing of map The types charts 


(all prepared on topographic map. base); (3) office-compiled maps 
showing the extent, and character of social 


_ For example, in the Spanish language there are no ot 
words that , truly express the meaning of the term ‘ we ‘surveying and mapping” d ~ 
as it is used in the United States. The term “cartography,” on the other 

- hand, is 3 easily translated into that language, carrying the full meaning of the 
"broad of surveying and ‘mapping. _ Also, it term which i is 


2 


4 "States as interest in world affairs increases. 


a 


in May, 1951, as Proceedings-Separate No. 68. Positions and titles given are those 
in effect when the paper or discussion was received for ee ae Oe "ae 


re: f. a 1 Chf. Examiner, Surveying & Mapping, U. 8. Bureau of the Budget, Washington, D. 
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INTERNATIONAL ‘CARTOGRAPHY 


‘countries them to be 1 more deeply than | ever 

Ds "a before with the mapping of foreign areas. Now that modern transportation — 

| and communication facilities have bronghé all people on the planet within — 

ras 
_ gun-shot « of one » another, reducing the world in a real sense to a small. com- — 

- munity, the need is for increased geographic knowledge. Basic maps and ie “? 

; a charts can supply this knowledge so that neighbors: may be able to know each © 

he other | r and their environment and institutions in order to. | work together for 


Sunverine AND Mappine IN THE 


Pan American Institute of Geography and History. 1940, government 


hemisphere in their surveying and mapping programs.* 

ingly, a group of such officials and -Tepresentatives of scientific societies drew a8 

yy up a description of the kind of organization which they | believed could accom- ae 

* plish the desired results. After this had been done, a study was made to iN ve : 

| Gi etermine whether or not such an organization was in existence. The study a. 
disclosed that the Pan American Institute of Geog raphy and History was — 

. equipped by its charter and by-laws to sponsor a program of cartographic a a 

cooperation, The Institute is an intergovernmental organization (with 
headquarters | in Mexico), which regularly holds general assemblies in which 


i= 

representatives of the member American ‘republics. ‘meet to ‘discuss ¢ common 


“4 


problems. At its Third General Assembly, held in Lima, Peru, in March- April, 
«194, the United States delegate presented & resolution proposing the establish- 


ment of @ commission on cartography. This resolution was adopted, thereby 


creating the Institute’s present Commission on Cartography. 


>” In general the aims of the Commission on Cartography are as follows: g. 

a. To promulgate standards” for the various classes surveys and maps 
> inf 


el To exchange ideas and information on technical methods currently 2 
i employed and those in the experimental or developmental stages; page = 
To advance education and training i in the science of map-making; 


if To exchange professors and instructors and to exchange technical per- 


sonnel between mapping agencies in the various nations for in-service ce training. i 
‘sonnel 


The Commission has held five meetings, called “Consultations.” 
‘first of these meetings was held in Washington, i 8 C., in 1943, the second 

. Rio de Janeiro, Brazil, in 1944, the third in Caracas, Venezuela, ‘in 1946, the a 
fourth in Buenos Aires, Argentina, in 1948, and the last in Santiago, Chile, in - 


__2“*Cartographers Consider International as Well as National Mapping Needs,” Ces Engineering, Vol. 


4 more and more internationally minded. Their interest in map and chart 
af | coverage has grown from a primary concern with the area within their own — 
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[ATIONAL CARTOGRAPHY 
1950. The following technical committees and subcommittees have 
created to activate the work of the Commission: Geodesy (with s a subcommittee _ 
on gravity and geomagnetism and a subcommittee on seismology) ; Topographic 
Maps and Aerophotogrammetry; Aeronautical Charts; Hydrography (with a 
subcommittee « on tides and a subcommittee on Suviel hydrography) ; Special 
Maps;and Urban Surveys, 
Some of the “accomplishments of the Commission are: (1) The : adoption of 3 
uniform: standards’ for geodetic operations; (2) standard specifications for 
q topographic maps; (3) standard specifications for the production of the — 
1:1,000,000 seale aeronautical charts; (4) standardization of methods for 
agnetic observations and tidal work; (5) p production of a glossary of 
_ standard cartographic terms; (6) publication of a manual on geodetic control 
surveys; (7) production, in cooperation with United States governmental 
agencies, of narrative and training films on cartographic subjects, such as 
“Introduction to Cartographic Activities in the United States,” “Geodesy,” — 
“Reconnaissance Mapping by Photography,” and “Topographic 
Mapping by I Photogrammetric Methods.” These films , besides being cir- 
culated in the | Americas, have attracted attention in other parts of the wore; 
and copies have been made for a number of foreign SSSR a _ 


Through the efforts of | the Commission on Cartography, considerable 
progress has been made in the promotion of -inter-American friendship, in 


the adv ancement of and in an accelerated program of and 
t production. 


‘This survey, operated ‘by the Caribbean the United States 
‘Department of Nationa! Defense, is “engaged in a program a of establishing a 
network of geodetic control and precise leveling linking the nations of Central — 
South America with the United States and Canada. The United States 
government has entered into bilateral cooperative agreements with practically 
all of the Latin American nations. _ By virtue of these agreements, the per- _ 
sonnel and facilities of the participating governments are used jointly to = 
promote the program. . Iti is planned that, upon completion of the ‘triangula- “4 
= and the leveling, : a ‘comprehensive | program of topographic mapping and > % 
aeronautical chart revision and maintenance will be undertaken. 


General _Aspects.— With respect to international éartographic activities, 
there are existing international organizations concerned with a specific aspect oy 
of cartography, such as the International Hydrographic Bureau (IHB) and i 
_ the International Civil Aviation Organization (ICAO). Bothoftheseorganiza- 

tions are governmental in character. . For some time, IHB has beenengagedin _ 
a establishing throughout the world the same kind of program in the field of - 
hydrography that the Commission on Cartography has been conducting in 4 
the total field of surveying and mapping in the Americas. — This agency has be 


- effected a continuing exchange of information about new charting activities, 4 


considerable progress in ‘hy drographie chart 
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onstruction and ~The ICAO has been in n creating afirm 
desire by most nations to prepare aeronautical charts of their territories along — : 
. standard lines and in . reaching agreement for the standardization of the various 7 
of aeronautical charts required by civil aviation . Other organizations 


governmental the International Union of Geodesy and Geophysics 
bir 4 (IUGG) and the International Geographic Union (IGU), which for some a 
| have promoted close geodesists and among geographers — 


yy The IGU was instrumental i in establishing the ‘Central B Bureau of the Inter- 
| a national Millionth Map of the World. The Bureau i is responsible for coordina 
ie ing g the production of this world series of maps at the scale of 1:1,000,000. a 7 
«United Nations Cartography. —Late in 1945, group of cartographers, 


of the work of various" commissions, and specialized 

- agencies, requirements for map services for current operations would become ~ 

: of increasing importance. It was the opinion of this group that attention th 
_ should be given to the development. and coordination of cartographic services a 
- in the UN in order that effective results ; might be obtained without duplication. ae 


of effort and at minimum expense. Binge a result of the recommendations made ee 


ite specialized agencies. 
Shortly thereafter, the Pan American Institate a and 
; and its ( Commission on Cartography, in in a letter to the Secretary General of the 
q UN, endorsed the United States proposal and suggested also that consideration ‘i 
be given to the matter of stimulating the national cartographic progress of the pois 
4 "respective m member states of the UN. © _ The Institute further | suggested that the se 
- Secretary General call together a group of expert consultants, selected on the - 
basis of individual professional competence, to consult with him and representa-_ 
4 of the specialized agencies about integrating cartographic activities 
_ within the UN and about stimulating and coordinating international coopera- 
| tion among the member nations. ~ About the same time the French delegation a 
a ‘proposed that steps be taken to insure better international cooperation in — 
the inatter of hydrography and oceanography. — This action, in turn, was 
followed by a communication from the IGU, suggesting the expediting of the . 
o  murvey of the world and the unifying of the cartographic methods and processes. — 
In January, 1948, the delegation from Brazil presented to the Economic 


“and Social of the UN a croft resolution to implement ‘the 


o¥? ‘Modern ra Cartography.” United ‘Nations Dept. of Social Affairs, Lake Success, N.Y., 1949. 
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mia “The ‘Eoonomie as and Social Council * na 


am ng 1. That the Member Governments ‘stimulate the accurate s survey and | 


(a) to further euch efforts: by promoting the exchange of 
information and other » means, including the preparation of a study on — 
modern cartographic methods and development of of uniform international 
_ (b) to coordinate the plans and programmes of the United Nations 
i and specialized agencies in the field of cartography, taking into account 
_ the work of the various governmental and non-governmental organiza-— 
& =. tions and to report on the subject to a subsequent session of the Council; 
i wag _ (c) to develop close co-operation wi with cartographic services of interested 


first steps i in the inaplemsentation of the resolution should be the calling together : 
ta of a group of experts to draw up specific recommendations for the guidance of 
the Secretary General. — Subsequently, at the Paris General Assembly of the 
UN, the Secretary General was authorized to invite five international experts S 
_ to meet with representatives of the specialized agencies and interested inter- 3 
national organizations. Accordingly, the Secretary General extended invita-— 
tions to five individuals: R. Ll. Brown of Great Britain, Christovam Leite de _ 
a Castro of Brazil, R. H. Randall of the United States, “4 W. Schermerhorn of 3 
_ the Netherlands, and Robert Verlaine of Belgium. The experts: met as a ce 
ian committee at Lake Success, N.Y. , from March 21, 1949, to April ly 1949, and rn 
q at the first session the United States representative was elected chaireen of 43 
a the group. The meetings were attended by a number of delegates of specialized _ ; - 


agencies and interested international organizations, acting in an advisory > 


a ; a capacity. As a result of its deliberations the committee submitted to reg 


i Secretary General a report on its findings, including | a number of pen 

Report on International Cartography. may be well here a 


the summary of the report of the committee of experts: 
This report undertakes to answer two questions. first is, w 
_ should the UN do to stimulate and assist its Member Nations to procure for 
eer themselves the cartographic information they need, for their own purposes es 
_ and as component parts of the United Nations; and what should be the pro- 
cedure to do this. The second is, what sort ‘of cartographic service does — 
i the United Nations need to carry out such a programme, for its own opera- 

_ tions and in its relations with the specialized agencies; and what are the 
‘a steps necessary to provide this service, and to assure ta pproper co-ordina- 
tion with related services in those agencies.’”* 


Specific recommendations were presented by the committee to promote 


he cartographic cooperation among the UN nations. — One of the proposals 
called for annual ‘meetings under the auspices of the UN to review the progress — 
of world | mapping and to allow representatives of interested agencies to report aS 
matters of achieve cooperation on local matters, 
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. interests in particular areas could meet and discuss cartographic problems. eae 


Official representation of the UN N would be secured by establishing a cartogra- 
phic office in the Secretariat. This office would coordinate all mapping 


| activities of the UN and be a source of information and advice on . cartographic Bea 


problems as well as a distribution center for maps. To assist the cartographic — hy 
give expert: 
United Nations Economic and Social Council Resolution —The report of 
committee of experts and ‘its recommendations were accepted by the 
Secretary, General and subsequently submitted .to o the Economic and 
Council. At a meeting of the Council held in Geneva, Switzerland, , on July 
27, 1949, a resolution, submitted by Brazil, Chile, India, , Franee, 1 Peru, the 
United Kingdom, and Venezuela was adopted. at This resolution acknowledged _ 
the urgent need for cartographic cooperation among the nations of the world 
and encouraged continued efforts to stimulate accurate surveying and mapping. 
In n addition it called for speedy action on the recommendations of the a © 
of experts and on the publication | of periodical summaries of cartographical 
ba ‘The | general opinion is that the Council’s resolution is a good one and that Sa 
‘the it will prove beneficial to all the member states of the UN. hy 
7 - Joint planning and cooperation among countries will eliminate unnecessary 
duplication of effort and secure ‘speedy selection of common standards and 
symbols. This standardization is important since modern transportation and 
communication facilities ilities have b brought the nations of the world intimately it in 


Substantial progress is being made in field of 

_ The kind of information which basic map coverage can supply will constitute a 

a useful tool and an increasingly recognized about 
among men ‘among nations. 
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IN TERNATIONAL CARTOGRAPHY 


4 A.M. ASCE —It is heartening { to read this sum-— 


mary of progress being made in mapping conference loving 
_ nations of the world for common action in cartographic enterprises. a "Specific 
accomplishments to date, such as the Inter-American Geodetic Survey, 


_ what can be done and give tangible evidence of the merits of such cooperative 


- Aeceptance of the word ‘ “cartography”’ to include all the operations ot 
to the production | of maps makes for effective communication betwe een nations. 7 

; This | paper offers an admirable vehicle for introducing the term m as well - 

introducing world cartographic problems to the American civil engineer. — 
Advancement of the common defense of the Americas will stem from intensive — 
implementation of the programs outlined by the author. 
_ However commendable the action thus far, the individual American engineer 
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q 


= a 
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has yet to utilize to the fu fullest degree the manifold possibilities of of adequate — i oO 
i: up-to-date maps founded on good topographic bases for the s study and 4 
| 


design of engineering projects. The maximum potential afforded by inter-— 


he national cartography will not be ‘realized until the member countries themselv 7 } 
q 


push m map progress and when each engineer r places no 


world will then be accomplished. 


4 Associate Prof. of Civ. Eng., Univ. of Illinois, Urbana, Il, eae 
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— y supports his nation’s mapping programs, the family of nations will | ay 
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ani Paper No. 2486 hot 


STRUC’ TURAL DAMPING 


SUSPENSION BRIDGES 


nts THE LATE FRIEDRICH BLEICH,’ M. ASCE, 


AND L. W. TELLER,2,M. ASCE 


i With Discussion sy Messrs. R. Bernnarp, Georce S. Vincent, 
F. B. Farquuarson, ARNE SELBERG, AND THE Late FRIEDRICH 


YNOPSIS| 


a of the Tacoma Narrows Bridge i in Washington i in 1940 focused — 
wy “attention on the importance of a better knowledge of the capacity of suspension 
to dissipate energy imparted by: wind action. This paper reports p: part 


gation of Suepension B Bridges. it t comprises : (1) A theoretical study of f damping 
ht capacity of suspension bridges resulting from internal friction and from. various 
sources of dry or Coulomb friction in the structure; (2) an account of an ex- 
tensive laboratory | study of frictional damping in structural members; and (3) 


ac correlation of the theory with experimental data. _) The ; paper suggests that a 


* 


* 
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Special devices if consideration is given in in design to the potential 


sources of friction available in the floor : sy system. 
PART I. TRRORETICAL STUDY OF THE DAMPI} caPACITY, 
OF GUEPENSION BRIDGES 


‘the behavior of “suspension bridges action of 
wind, which have been conducted for several years, disclose that the capacity of 
a bridge to energy | fed into it by pulaating 


ained by field tests on bridges in uspensio of 


_ Nors.—Published in March, 1951, as Proceedings-Separate No. 61. Positions and titles given are 
in effect when the paper or ‘discussion was received for publication. 
1 Formerly w with Frankland and Lienhard, Cons. Engrs., New ‘York, N. z. (Mr. - Bleich died o on February 


2 Prin. Highway Engr., 8. Bureau of Public Roads, Washington, D, 
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- the prohibitive costs, even if suitable. methods ould be devised for vibrating 


_ the formidable mass of such a bridge. Moreover, such field tests can only q 

yield data on the over-all damping c capacity of the. structure, a capacity which 

may vary to a large extent from bridge to bridge; they cannot provide the basic _ 
= information on the actual sources of the energy-dissipating capacity of the — 


: structure, or on the real nature of the damping phenomena in suspension biideen, . ; 


_ Nevertheless, such detailed information is necessary in studying ways and means 


insure e the required damping in any given design. 


pat as a practical matter, to duplicate the ofa to a reduced 


wa 


“4 seale in such detail as to simulate, reliably, the condition of friction existing in 3 


- etd However, a  theoretion! approach is possible for solving the rather simple 
=i of damping in a bridge structure if basic experimental data are avail- 

pl able as to the logarithmic decrement of internal damping in rolled, riveted, and — 

_ welded steel structures, and as to the amount of friction that can be safely 

_ assumed as acting between the | sliding parts of the structure. The following — bs 
e. theoretical study, in its essentials, is a condensation of a report submitted to the _ 


Advisory Board on the of § Suspension ‘Bridges | (see ‘ 


ment”). 


4 


“Damping” i is the of the energy is to a vibrating 


, a structure by exciting forces, whereby one part of the external energy is trans- 
— into molecular energy and another part is dissipated to surrounding © . 
_ objects or atmosphere. — W hen | damping can be localized at certain points or 


— of the structure, damping may be thought of as being caused by forces a 


“Damping. capacity” of a structure 1 may rbe defined as of the 


AW dissipated on one cycle of oscillation to the maximum amount of energy W 
accumulated in the structure in that cycle cle. Therefore, the damping oes 


being a nondimensional quantity, is expressed 


determined by 


™ in which W is energy cocillation of the entire system. Eq. 


cop 
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which . denote the energies osillation of the 

capacities of the and r, = f= energy 
storage capacities of cloments, the ¢ over-all the 


| 


are small as compared with unity so that the frequency of the damped vibration i 
of the system can be considered a: as being identical with the frequency of the " : 
‘undamped oscillation. Eq. 3 is the fundamental relation for the computation « of | ne 
the damping capacity of a compound structure from the a rr of a 


Pal 


"Consider the amplitude-time diagram of a damped periodic motion as 


te n Fig. 1. Let W, be the potential energy at the instant ¢, and W:, the energy at 
instant t+ in which T is the period of the oscillation. Assuming 
small motion and the validity of Hooke’s law, the maximum amount of the | . 
> potential energy of the structure in motion is proportional to the square of the 
amplitude 9, so that W = kn. ‘The difference between the potential energy efi 
; a at the time ¢, and the energy W; at the time ¢, + 7, one cycle later, gives 
_ the loss of energy (dissipated energy) or the total damping of the structure — e: 


one “ore — may be by = 


as a “quantity of the second order. To the 
a equation of the curve, indicated by dotted lines in Fig. 1 (which determines the pn es <— 
decay of the amplitudes), consider an infinitely sm small part of the curve between — A oe 


q 
4 t and t+ 
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small interval dt, the differential equation is igh 


: 
7 is derive ed py ld J Mn) Eq. 6, nois is the amplitude at the ‘start of vibration at the 


time t= is Considering tw o consecutive maxima Mr and tras of the amplitude- 


o —is obtained. is Eq. 7 7 expresses the rate of decay of the e amplitudes. ‘Ther: sable 


4 between consecutive maxima is constant ; the amplitudes decrease in a geometric 
fl series. Pe The quantity 6 = p/2is di is dimensionless and i is known as the logarithmic 


decrement of damping because 


log — 


Py y varies with th the decaying amplitude of the vibration, cand the actual 
J curve of decay departs markedly from an exponential curve. Nev ertheless, » the ‘ 
elation 6 = y/2 also holds in cases of varying since this magnitude, without 


a appreciable error, can be considered invariable during one cy cle. 


In suspension bridges the the damping has its origin chiefly in in the | 


1. The imperfect elesticity of the material of the structure—that is, elastic | 
_~ iysteresis of the structural material . (In suspension bridges of the convention- 
all type vibrations change the stresses in the cables only insignificantly; damping L 


- from: this source is negligible, therefore, and has not been considered in this 


ae: Plastic yielding and frietion due to small ‘relative displacements i in the | 
3. Internal friction in the concrete floor of the bridges. 
— _ 4. Friction in the main expansion joints of the floor structure and in the 
secondary joints, or at the pedestals (where the stringers and d other parts slide 
= their supports ‘at the floor beams) ; also, frictional resistance at the : cable 
gaddlesand at suspender connections. 
7 _ 5. Frietion at at the e end bearings of the trusses or in the installed friction ‘i 
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STRUCTURAL DAMPING © 

damping effect caused by the | damping influences, sources 1, 2, 

is referred to as “nternal damping.” Sources 4 and 5 represent typical 
“Coulomb » damping” or or “dry friction” and, finally, , resistance of the air causes 


— 


_ “atmospheric damping.” In this paper structural damping only, generating 
it 


damping” is the ‘dissipation of rewulé « of friction be- 


tween the molecules of the material or between the fayi ing surfaces of structural — 
= ts riveted or bolted together. _ The stress-strain curve for a. specimen 
7 subjected to a cycle of loading, within the range of the proportional limit, is not 
coincident with that for unloading, and neither curve is an exact straight - 
as Hooke’ s law postulates. In fact, a hysteresis loop occurs (Fig. 2),andthe 
A ofthe loop indicates the amount of energy dissipated during completely 
if reversed cycle. The departure from Hooke’s law increases with increasing * 
limiting stress o, w hich means that the ratio of the amount of dissipated energy 
| to the total distic energy supplied to the specimen . increases when the limiting 
stress involved inthe vibration rises, a 
The energy dissipated by the elastic hy steresis of the steel is obviously smal] — < 
i, _ because of the slight departure of the stress-strain curve from a straight line, at Pe - ae 
least within the range of the small dynamic stresses which may occur in a sus- noe 
pension bridge and which do not exceed a few thousand pounds per square inch. _ -s 
_ The logarithmic decrement 6 of steel specimens as a result of the elastic hystere- - 
|. sis of the material was found to be very small. For dynamic stresses between ’ 
it 1000 lb per sq in.? and 3,000 lb per in.?*, 6 varies only slightly and may be 
to o have an average v value of | 0.004. 
=| _ The dissipation of. energy is , markedly increased i in the riveted members of a 


bridge structures because of the plastic slip in the riveted connections. De- 


ving | etn information on the magnitude, and variation 1 with § stress, of the logarith- 
mic decrement as observed on a model truss will be p presented in Part II. “The 

| various tests showed that, in so far as small dynamic stresses between 1,000 Ib 
aatic aE sq in. in. and 3 3,000 Ib per sq in. are concerned, the logarithmic decrement 6 may 


ioe 


reach an a average * value about twice or three times — value of 6 as aa 


mping Since elastic hysteresis in a wide range is nearly adunaiind of the velocity. 


ntion- 


n this of the oscillations, the internal damping capacity y can be considered as being — 


independent of the frequency of the vibrating structures. 

may be from the previous section on “hysteresis damping” that 
the internal damping capacity of steel bridges i is comparatively small. - Obeo~ 
vations o on existing steel bridges of various types indicate damping « capacities cm 

substantially higher order than those related to internal damping. The con- 

clusion must be drawn that a considerable part of the damping effect in a = 
structure is due to energy dissipation by internal or external dry friction. prod 

ely simple theoretical studies rev eal that Coulomb friction 
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3 capacity can be substantiated fairly well by theoretical considerations. [| 

sl The theory can be based on the experimental data as to the amount of the coeffi- di 

a te; “cient of dry friction, data which may be obtained in each individual case by i” 

The effect of Coulomb friction on an oscillating structure is different from 

a tht of internal damping. _ Whereas the internal damping capacity se 
with rising damping capacity (as will be 


ULOMB DAMPING IN AN OSCILLATING SIMPLE SPAN 


is convenient to discuss the theory of frictional damping i inasimple span 
to obtain the basic concept for the analysis in the case of suspension belli . 
Application of the developed method of approach to suspension bridges will © 7. 
prove to be a matter of somewhat more analysis. Two fundamental problems 

will be investigated hereinafter: (1) Damping capacity caused by friction in the 
end bearings; and (2) damping capacity due to friction between the stringers and 
the floor beams—the assumed to ‘slide on the top of tl the 


bac 


Neutral hows. 


( 


hy 


Fic. 3° 


bering at point B. Force F is given by the product R f, in which R is the verti- : 
cal reaction at adil B due to dead load w and the varying inertia forces of 3 
ting bridge. The coefficient of friction fi is assumed to be a known con- 


thrust H. In the first phase, H increases with increasing amplitude 
until it reaches the value of F at the amplitude a, at which the frictional 


resistance is overcome. a becomes greater than a horisontal motion 


beginning of a forced or self-excited vibration. This is a very significant fact fi 
which makes Coulomb friction an important factor in the over-all damping 
Lt eapacity of a bridge structure, particularly in the light of the fact that the rate 
A 
as 
oy 
— 
— | 
<2 ' cs, indicated in Fig. 3. At the start of the forced or excited vibration, when the | 


st 
Al, of point B, “being a function of 4, determines the — = FAL nat 
in the first quarter of the cy yele: of vibration. 

Pe as F varies during one cycle because the reaction R is the algebraic sum 


Ry (reaction due to w) and Rr (reaction due to the inertia cc It i “a 


x 


: 


ecreases in the other half to Re - Rr. The average value of R is equal to Re. 
Henee, F may be considered a constant, F = OS E 
The symbol AW is defined as the total energy dissipated in a ‘cosine ener 


of vibration. The total path Al, of the end point B of the truss during the Be 
first quarter of the cycle consists of two parts. The first part (referring to = 
_ Fig. 4(a)) is the displacement BB’ = cof the end cross section of the the bridge asa 
result of the curvature of the neutral axis. ‘The seco second part is caused by = 
elongation: 2e of the bottom chord. The total path Al,, therefore, is given by 
Al, = 2e —¢, assuming 2e >c hen the girder swings | back into its ts original 
He position ‘point B moves in the opposite direction. Again the displacement i 
Al, = 2e — cc, the small diminution of the amplitude caused by the damping © i 
being neglected. Similar reasoning shows that the path Al during the third B's 
"quarter and the fourth quarter of the cycle is Al; = =Al, =2e+e. Thus, the 
_ work done by the force F during one complete eycle i is determined — ae ; 


AW = 2F (2e — c+2e+c)=8F 


from which it can be assumed that F already has its full value at the beginning» a , 
In the foregoing section it was assumed that c is smaller than | Qe eife>2e Fe 
.- (and it can be), the displacement Al in the first and second quarters of the cycle hie 


is defined by - — 2e, and by c c+ in each of the two other of 


The subsequent will that Eqs. 9 correspond to two different 


: types of damping, referred to as the first and second t types of f Coulomb damping. a. 
Cas First Type of | Coulomb Damping. —This type controls” (for instance) the ne 
modes of a of vibeating beam. The displacement 2 ¢ is given 


in which h is the distance of the neutral axis from the sliding surface of the | 


bearing; and Ag¢ is the slope of the center line at cross section B (see Fig. 4(a)). « 
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(STRUCTURAL DAMPING 


The: maximum v alue of the total red stored i in the vibrating 


4 
The damping cnpecity its maximum value at the instant 
wi when a becomes greater than a,; that is, at the limiting amplitude, when friction — : 
in the bearing i is overcome. In other words, Coulomb friction n of the first type 


_ has its maximum damping effect at the starting phase of a forced vibration. — Pe : i I 


Since ince Eq. general valid validity, 


in which Aa is the difference of the amplitudes of two consecutive cycles. 


> Eq. 17 shows that Aa is constant, ree be that the iliac decay y of t 
amplitude i is a straight line, as shown in Fig. 4(b). 
Second Type of Coulomb Damping. —The asymmetric modes" of vibration 
are controlled by the second tyy pe of damping. Consider a a beam AB (Fig. +5) 
oscillating in the first asymmetric mode. elongation of the bottom 


chord is zero and the wok done by the ‘friction force F depends 
wwe 


i 
di 
— 
— 
is 
— “ 
Ge; 
— 
; 
— 
— 
| 
4 - = 


c between the span and t the “a of is 


potential energy secumulated in in the beams amounts to 


Combining Eqs. 19a and 195 capacit —n 
Ba, 20, wi is independent of the and m: be considered a constant 


curve, a type of referred to as damping. ‘Therefore, 
friction iran of the second type, as described by Eq. 20, is the viscous = 


bearings, i in case of ‘asymmetric vibration, may considered negligible. = 
Dampinc Due To FrRicTION BeTWEEN STRINGERS Beams 


Assume that the stringers ofa long single-span bridge a are on stringer 

pedestals on top of the floor beams. When the bridge deflects, a relative dis- 

¥ placement of stringer and floor beams takes place as a consequence of the ~ 
difference in length between the undistorted stringers and the distorted top aa 
e chords of the trusses. In calculating the total amount of the energy dissipated Res 
iby friction, the effect of expansion joints in the bridge floor must be taken into | 
account. Furthermore, the relative displacement of stringer and floor beam is 

= greatly affected by the lateral deflection of the floor beams caused by the hori- es " 
: zontal friction forces. This deflection obviously reduces or completely offsets _ 

q the relative displacements of stringers and floor beams. . In computing the Be: 


- frictional forces, only those stringers that are located at points of the floor beams _ 
. hich cannot deflect laterally if acted on by: friction forces may be considered as as 
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of the top chord of the floor beams, comparable in magnitude _ the relative © 
displacement between stringer and floor beam. 


capacity of the 


bridge resulting from friction 
=!" _ between floor and floor beams 
be demonstrated under the 
‘assumption that the bridges 


mode. The floor first may be 


considered tied to the trusses 
x at midspan only, as indicated 


eo 


in which is the displacement form of the. seal symmetric mode; that is, 
sin x/l when the bridge vib: vibrates with the he amplitude a. 
4 The graph in Fig. 8 computed sas Eq. 22b and referred to as the Ediagram 
p “a shows the relative displacement & of stringer and floor beams i in any reference 
point z when the bridge vibrates w ith the amplitude ¢ a=1. be 
This diagram, how ever, does not represent the true relative displacements © 
é because Eq. 22b has been derived under the assumption that the stringers — 4 
move freely relative to the floor beams it in each half span. _ At the expansion 
joints (designated Ein Fig. 8) each stringer section is tied at its right end to the 
mS floor beam. Accordingly, the displacement E, of the tied right-hand end of the 
section 1 must be subtracted from —. The reduced displacement, therefore, i is 
= — and is represented by the ordinates of the shaded areas in Fig. 
Te With w; denoting the weight per unit length of the floor structure and con- 
- ais crete slab pertaining to those stringers (which are assumed to slide on the floor 


— 


Gel Since AF z ' a is the work done | per - unit length o of bridge by | the friction — 
a forces AF during one quarter cycle of vibration the total energy dissipated 


a@ 


Po 


Ben iy sum ret the shaded areas, 
> 


— 


— 
_ 
——— contributing to the energy dissipation. In Fig. 6 the solid lines indicate such - ‘ia 
- 
— 
4 
| 
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or the 


‘idges" 
n1etric 


By 


re trusses in the case under consideration is given by Eq. 14, when J is the moment a3 ie 


of inertia of all trusses. Finally the damping capacity y of the bridge s structure toe 


25 indicates that y is inversely to a; and the damping 

dian by friction between stringers and floor beams i is of the first type. m4 : 

equation will be found for all other | symmetric and asymmetric modes. 
_ It is easily observed from an inspection of Fig. 8 that reduction of the dis- Sure 
o tance between the expansion joints, for example, to one half of the distance — a 
wor 


shown in 8, would diminish the magnitude 8 in Eq. 25 to about: 


internal Damping 


= 


a a ‘The p purpose > of the preeeding remark is to ) direct attention to the fact a 
7 if careful consideration is given to the design of the floor structure in order to 
utilize a a potential Source of fi friction, a 2 substantial ¢ amount of additional damping 
‘can be provided | in suspension without. resorting to special structural 
devices. of the foregoing problems show frictional damping of the first 
ty pe. _ The total damping capacity y—that i is, the sum of internal and his: Pet ia 


we 


which C, and C; are constants, when small vibrations areassumed. Plotting pa a 
senna | the amplitude a leads to the as shown i 9. 
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excited vibration, a brief discussion of the determination of in| the somew hat 
involved case of friction in the bridge floor 1 may be in 1 order. 
_ Eg. 25 has been derived under the tacit assumption that the amplitude a 


all points of the: span. Actually, such is not the case at the 
Of a forced or excited oscillation. The longitudinal shear stresses between the 
floor ¢ structure and the floor beams vary | along the ‘span, from which it follows © 
ss that, at small amplitudes. , sliding : already ‘may have started in a part ; of the span 
_ while in the remaining part static friction may still prevent any movement. To _ 
; _ obtain the relationship between the logarithmic decrement 6 and the amplitude ‘'' 
a during the state . of motion under discussion it would be necessary | to ) calculate, 
 gtep by step, the consecutive values which 5 assumes with i increasing amplitude 
a until the maximum value 5. ois reached, when friction is overcome in all parts | 
— _ A rough estimate of the magnitude of 6, at the heaiaeals when damping al- 
a 


Feady has set in in along the entire span can be obtained as as follows: OME, ts vidal 


Presume that the longitudinal shear oy all parts of the span have the - 
same value, assumed equal to the average value of the actual stresses. The 
amplitude a at which sliding starts <* peace at all floor beams follows 


from the relation: 


s being the ee PeRh saa per unit length of span which corresponds with | 
the a equal to unity. The value of at damping sets in, 


Since, by supposition, damping i is present at all points of the s span, 25 


al 


suggests a form of the diagram between zero and 

a, as indicated by the dashed part of the curvein Fig-9, 
ph oe Corroboration of Theory by 7 Tests—The careful tests made on a model truss, 
S&S discussed in Part II, afford a convenient opportunity to compare the preeenety: 


oy of the previously developed theory with the outcome of the apagaiy 


DAMPING TESTS ON SIMPLE BEAMS 


— 
"Phe limiting value corresponds to the amplitudé"™™ ned by 
3 amplitude at which static friction is overcome. Since defines the maxi-— 
amount of the damping capacity of the structure at the beginning of an 
— 
— Pos. 
4 
— 
d 
= 
(30) | 
| 
experimental study of the damping characteristics Of structural mem- 
_ bers reported in this paper was made at the Research Laboratories 


United States Bureau of Public Roads in ‘Arlington County, Virginia, at the 


= of the “Advisory Board on the Investigation of Suspension Bridges. — 


_ _ The initially authorized program had for its object a determination of the 
a damping to be expected in solid members and in trussed structural 3 
ne members, information which has an important bearing on the testing of full Pt 
models of suspension bridges for aerodynamic ‘action in an air stream. As 

_ frequently happens, however, the results obtained in the work initially con- E ee 
- templated led to some expansion of the program so that other useful informa- ao 
_ tion on structural damping might be obtained while the experimental facilities = 
were available. The work (first authorized in 1943 and expanded in 1945) has © ; 
been the subject of three progress reports to the Advisory Board w which, at _— 
: Bess 1948, meeting, , authorized the use of the data in the present paper i in -_ 
order make the information 21 available to the the 


Four main subjects defined for investigation were as 5 Salliowe: 
. The damping characteristics of a t trussed in 
- son ph those of solid members of equal stiffness, when vibrated in the can e 


symmetric mode as a simply supported beam. (The tests were planned to 
indicate the damping over considerable range of dy namic stress. 
2. In the case of a bolted truss, the effect of bolt type, bolt tension, and e > h 
the procedure used in developing a given degree of bolt tension 
= 3. The effects of a variation in dead load on the 1¢ damping characteristics of Le ant 


characteristics of of the bolted truss. (The C Coulomb friction was developed 
7 three different ws ways: :: By > mechanical brakes, by s sliding bearings : at the ends sof 
panels of a simulated floor system, and by sliding end bearings as a replacement - A 
To the properly, and for other > 
eollateral investigations were required. Among these 


5. The establishment of relations between load, deflection, and strain in the | 


ae | — determination of the ultimate strength and character of failure of the — 


cet nsion, and section essio 


tude determination of the maximum tightening torque for for the bolt-nut 


Segregation of the air damping effect when a simulated floor was 

The Specimens—Three types of specimens were used in the tests: (a2) A 


trussed member with bolted joints, , (b) a rolled H-section, and (c) asolid barof _ 


chord splice i in tension, ‘and the chord section in compression, as used in the im 


Teetangular cross _ The truss (as it be called) was made up of 


felatively “high yi The H-section and ‘the ‘rectangular bat bar were hot- 
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Xs. rolled, of low. ‘carbon steel. The three specimens were designed to 
+s. _ moments of inertia, although, as received, the moment of inertia of the truss _ 
q a a was slightly greater and that of the H-section , somewhat smaller than the 14 
BS, moment of inertia of the rectangular bar. | The principal dimensions of the | 
- cross section of each specimen as received are shown in Fig. 10. Fak sean ‘ 
For testing, each specimen was placed horizontally as a simply supported 
pc beam having a rocker bearing at one end and a wheel bearing, rolling on balls, 
at the opposite end. The truss and the H-section were compared on a span of ae ‘ 
_ 36.83 ft. The truss and the rectangular bar were compared on a span of 28.33 a ; 
_ ft, the truss being shortened by the removal of a section, for these tests. b Stet ng 
_ Certain pertinent information as to the weight, stiffness, and other physical iy 
of each are given in Table 1 


| 
6.35 
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12 in. Center to Center —————— nal 


10.—Cross Section Dimensions oF SPECIMENS 


In order that the weight of the truss would equal that of the H-section or 
that of the rectangular bar as required, dead weight was added to the truss at the a 
lower panel points. The | dead-load weights bolted to the truss at the leer 
link ) panel points may be seen in Fig. 11 which shows also the general appearance of 7: 

shortened truss as mounted on the 28.33-ftspan. 
ae Test Met ethods an and I nstrumentation.— —The general test procedure has been to 
excite the s specimen (mounted as a simple beam) to a given 1 degree of oscillation : 
the first symmetric mode in the vertical plane and, having developed oscil- 

; _ lations of of the desired amplitude, to allow these to die out naturally ohare i 
damping caused | by (1) internal friction, (2) end bearing friction, and (3) air 
- = _ friction. _ Since end bearing friction may be assumed to be constant for speci- FS 


5 mens of equal weight and ‘since air friction could at best exert only a very small : 
x 


= 


ae damping force under the conditions of these tests, it was believed that. any 
> differences found in the damping of the different specimens would | 
q the of in forces within the the specimens. 


| 
a 
be 


= 


fae The rate of energy 
amplitude decay through the use of a aaa called the logarithmic rail oy a 
6, introduced in Part I. This quantity may be defined as the natural logarithm 


of ‘the patie. of the. of two Wor. cone 


1Bourss Tavss; 28.33 Fr “AND 


36.83 


Moment of Inertia (Inches‘): 


Weigh ht per Foot (Pounds): 
pecimen proper 4 
Attached dead-load weight «0.16 tl 
Total dead weight (24.16 
Maximum deflection from dead weight (inches). . 2,05 
to Natural period (second 0.41 
il- ee 1 * Permanent set of 1.09 i in. developed during testing. ic Total defiection at end of test, 3. 14) a 1 
2 manent set of 0.71 in. developed during testing. Total deflection at end of test, 1.95 in. iy Gm. F-0id 
h 
> 


venience, in these tests single amplitudes (that is, movements to one side of sulk 
mean position) have been used for decrement determination. = = = 
= The sennnen under test was made to oscillate in the vertical plane by the 
elease of a number of arranged ylindrical 
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of 19. 5 Ib, 34.5 lb, or 51. 75 Ib ‘each, on. the test 


———goneition for which the specimen was used. To distinguish them from dead- ey 


ol load Weights that were attached t to the specimens f for various purposes, these — 
suspended weights have been termed “live- load” v weights. ‘They v were 
ported by steel hooks extending downward from the s specimen at 17-in. intervals, x 
= distance determined by the panel length of the the truss. On the 36 36. 83- ft span, 

twenty-six live-load w weights w were re used, whereas on the 33-ft the number 
means of a solenoid-actuated trigger system, all the Tive-load weights 
were released simultaneously by closing « one switch, 1 ‘making it possible to dupli- 
cate the excitation of the specimen for as many times as the program required. 


2.—Amrt PLITUDE Recorp, SOLENoID- Aare Stytus Srratn Gace 


tomy 


_ such that it could be brought into light contact with a smoked paper wrapped ” 
7 = around a slowly rev volving drum, The stylus, under automatic control, 


4 periodically traced on tht smoked paper complete cy reles of the vertical motion 
sof the oscillating specimen. Usually these traces were made at the beginning» 


7 4 of the entnetion and during the first ‘second of | each 10- “sec interval thereafter. 


sty controlled by a calibrated 
this deflection recording equipment are | shown i in Fig. 


— 

most of the tests the amplitude of the oscillation was recorded at mi 4 

a 

‘he details of 4 


= tive In some of the later tests with the truss where the damping rate was md 4 
My the intermittent recording of amplitude decay could not be used and a different 4 ; 
- - method for recording was adopted. The method employed a magnetic dis- 


placement. pickup with ag galvanometer t oscillograph | recording, which 


between the test specimen and the recording 


vier Electrical resistance type strain gages were placed on each specimen at ads 
_ span to provide information regarding maximum stresses for the various at 
>. tions of test. One of the gages on the upper surface of the rectangular bar may 
be seen in Fig. The relations between strain and load and between de- 
= flection and load were used for a number of purposes es during the course of the © 
Comparison ¢ of the Internal Damping Characteristics of Trussed and Solid” i as 
rw Members. —As originally fabricated the joints in the truss, except for the a oe 
lateral bracing i in the med of the upper chords, were drawn up with No. 10-24 | a : 
These passed through clearance 


bales in the gusset plates truss’ and were fitted with washers al 
hexagonal nuts of commercial grade. had was the type of joint sais eit seul ‘4 

By a number of tests with a torque-indicating wrench, it was found that dis if as 
— screw and nut combination would withstand a tightening torque of 40 in.-lb or Ev: “2a 


more before failure occurred. On the basis of this information it was decided _ a 5 


to test the truss at three degrees of bolt tension, measured by tightening torques” 
of 35 in. -lb, 25 in.-lb, and 15 in lb, respectively. The net section of a No. 10- 24 
machine screw is approximately one half that of a rivet of the same over-all fez 


sé The truss bolted up with the No. 10-24 machine screws tightened with a ae 


a torque of 35 in.-lb was compared with the H-section on the 36.83-ft span, the _ — 
‘ ve excitation being from the release of the 19.5-Ib and the 34.5-lb live-load weights. Chee 


i 


The shortened truss was compared with the rectangular: bar on the 28.33-ft 

le span, the excitation being from the release of 19.5-lb, 34.5-lb, and 51.75-lb live- - 

w veights. Under the various test conditions initial double amplitudes at_ 

 midspan varied from about 0.7 in. to about 4.1 in. and the maximum stress in 

A F the extreme fiber at midspan ranged from about 6,350 lb per sq in. , to about © 

‘ant ‘The measurement of both strain and deflection at midspan made it possible 
to relate midspan deflection to extreme fiber stress for each specimen and from 1 


to relate instantaneous decrement values to the maximum fiber 3 


A, 


13(a) shows for the truss and for the 
Re tested under identical | conditions on the 36.83- ft span. i The initial | ampli- ee 
nh _ tudes cau: cause the highest stresses and appear toward the right-hand side of the _ 
= When excited with the 34.5-lb live-load weights, ‘the truss showed a an 

initial decrement value of 0.0516 as compared with a ; a 

0.0070. the amplitudes decrease the dynamic stresses and ‘the 
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values seis decrease toa a value of the general order « of 0.0042 for the truss 


re 


— Fig. 13(6) shows a similar comparison between the shortened truss and the 

ly rectangular bar tested under identical conditions on the 28.33-ft span, — | 


by - different live-load weight values being used to excite the oscillations. _ Even 
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STRUCTURAL DAMPING 
with the 51. weights the dynamic stress in was on 
“ _ about 4,700 lb per sq in. and at this stress level the decrement value for the truss — at 
was enprosimately twice that for the bar. | In this comparison as in the previous ae 
= one the maximum pe yh of the truss is found near the beginning of the test 
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- Each point on these and other graphs of the same type represents an average 
id of | five to seven tests and may be considered quite well established since ‘the 


variation for a given set test conditions was generally gate small. 


joint is bolted up the less will be the particularly at the higher stresses, 
i “a Since the net section of the No. 10-24 machine screw was about half that of + 
hole through which it passes, the question | arose as to what might be the damp- — 
: a ing characteristics of the trussed specimen if the bolts more nearly filled a 
holes. Examination of some of the joints showed that there had been relative 
motion of the bolted members and that in some cases the threads along | the — 
body of the bolts | had been considerably deformed by it. 
4 Further tests were made with bolts that had a solid | body w dd. the bolt 
poe through the plates and which fitted closely in the hole through these 
7 plates. _ These bolts were of high strength steel manufactured to close toler- 
ances, with well formed threads (32 per in.) and were available with solid __ 
(unthreaded) bodies of various lengths. They are designated National Air- 
craft Standard (NAS) screws. The nuts used with the NAS screws were a a 
r, commercial product known as the “elastic stop nut,” each nut being provided — 
- _ with an integral fiber washer which tends to prevent the nut from working © 
fi loose. . Tests with a torque wrench showed that, as used in these tests, the 
aa Bea required to turn the nuts (in the new condition) on the threads of the 


bolt was of the order of 1 in.-lb to2in.-lb. Tests of the NAS screw-elastic sto — 
nut combination showed a failure of the bolt in tension ata tightening torque of : 
about 90 in.-lb as compared with about 45 in.-lb for th the commercial machi machine — 
For the tests of the truss with the NAS screws, tightening t torque values of 
«dé in.-lb, 25 in.-Ib, and 45 in.-Ib were selected. The first two gave a direct com- A ] 
_ parison with the data from tests with the machine screws, whereas the 45in.-lb 
_ value was selected because tests indicated that it caused a tensile stress of about — mt 
‘ 60,000 lb pe per sq in. in the bolt body, a value which seemed to be a , reasonable _ 
upper limit for structural bolting. 4 
al: Having r reamed the 1,700 holes in the bolted connections of the truss and 
= replaced the machine screws with the NAS screws, tests were made with a 
_ truss on the 36. 83- ft span with the 34.5- Ib liv e-load | weights, using tightening ony 


a torques of 15 Ib, 25 Ib, and 45 1b. Typical data are shown in Fig. 13(c). 


From these comparisons of bolt type and bolt tightness it would appear 
that in so far as self-damping characteristics of the truss are concerned the a 
tightness with which the connections were bolted is of more importance than is 
a the fit of the bolts in the bolt holes. 
Effects of Variation in Dead Load on the Damping Characteristics of ia 
ed —One of the questions raised in the discussion of the damping toate by 


4 
— 4 
machine screws) a stud 
. macnine few a i i 
achine serews) a study was made of the damping of the truss as influenced by = 
& 
| 
= 
| 
| 
: 
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ne 


wide spread | in dead-load values an ‘excessive 
 -- _ combined live and dead-load stress in the chord members the dead load of the : 
truss was first reduced from its normal value 1 059. 6 Ib to 843. 5 lb decreas- 


Pounds 


> 4 
t-- 


in Inches 
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— - change ix in its s damping characteristics. 
Damping | of the ‘Truss Increased by 
Lone 26,345 wean] Friction izternally _Applied—The behavior 
LR RE eee. of the truss in the early tests led to a dis- 
cussion of the probable behavior of a truss 
equipped with a deck having ‘sliding bearings 
im to support the deck sections. As a result 
he program was extended to include some _ 
friction. 
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‘Fra. 14.—Errect or Dgap-Loap VARIATIONS ON AMPLITUDE Decay; Boutep Truss: 36.8 83 Fr, Fr, 
Nationa, ArrcraFt STanDARD (NAS) ScREWS WITH A TiaHTENINa Torque or 45 In. 


developed without, by (a) mechanical brakes, (6) sliding earings at at the a a. 


=. 


— sections of a ‘simulated floor : system, and (c) sliding end bearings at the ot 


4 E "4 As the truss ‘oscillated in in the vertical plane the end frame went Cs “ae 
’ “rotational motion causing a horizontal sliding motion at the contact between — % 
= - the friction surfaces. With the three weights used on on the platform of the brake 
5 


o with the possible effects of changes in dead load 
Of Characucristuics of the bolted truss. It was articular] desired 
— 
— 
were made with this dead-load value, using 
— 77-77 oth the 19.5-1b and 34.5-Ib live-load weights, 
weights were added to the truss to bring the 
Load Le Load | dead load up to 1,278.2 lb, and the tests were 
aa; iim 
diti h in Fig. 14. The 
d 1278200 507.4 test conditions are shown in Fig. 14. The 
8435 5074 tests indicate that increasing the dead load 
a 
A 
he 
_©oulomb friction in controlled amounts at each end of the oscillating truss. 
: & 
+ = 
the 
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much harder than the other, abrasion and scoring — 


— One of these brakes ws | 
ae — surfaces. ive in all tests s obtained hat for frictio used 
: wer ypes use 
i (a) in co ith t 
n data ‘upper fri 
an dry fricti t with cold-rol three 
c ‘ ittle e — (i 
m Fig. 1 braking a (F,) app had litt 
urf ces, the ith the force rfaces ha ao 
TICUl ssively f the fri tion, co ere O 
as Opposing d progre area OF yulomb fric faces w . 
damping the changes friction, opposing frictio | 


Without Friction Brakes 


6" Radius Cylindrical Surface 
——— 2 Sq Inch Plane Surface 


Logarithmic Decrement 


| BRONZE (A 7 
ak T VALUES WITH 2 SQ INCH PLANE AREA 
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greater than with the bronze-steel combinations, the action was neither 
nor dependable, and quite unsuited for test purposes. 
art 4 It is interesting to note that the behavior of these friction surfaces is similar aD a 
“to the action observed in some bridge bearing-plate friction tests* reported by a 
_ the Bureau of Public Roads in 1936. It was concluded from these earlier tests = 
that combinations of like or unlike ferrous metals gave the highest, and that a 
ferrous metals in contact with bronzes gave the lowest, coefficients of friction. fe ‘ 
Also, where the opposing plates were of ferrous metals, either lik ke or wale, 
Pp ‘Thus, the evidence indicates that where sliding ae are to be used in an ; 
=o condition to develop friction for damping, more dependable action 
will be obtained if the opposing of bronze steel el rather than than of two 
v4 It is evident from an examination of Fig. 16(a) that, with the ‘mechanical — 
~ brakes acting, the amplitudes decrease very rapidly to values 0 of the order of 
0.01 in. or lens, as 2 measured at the deflection gage position near - the end of the 
st i ‘a and that the shape of the amplitude decay curve tends to become linear oe a 
“ah the braking force is increased. This i is as would be expected since the Cou- 
lomb damping from the braking sy stem tends to become the dominant compo- 
16(6) shows logarithmic decrement values from the amplitude 
decay curves of Fig. 16(a) for the 2-sq in. friction plate area, and for four values — “9 E 
the braking force as measured by the normal component Fn. The complex. 
nature of the over-all damping with the brakes acting made it expedient to 
compute decrement values ‘directly from successive measured amplitudes 
frequent intervals. accounts for the slight scatter of the ‘points for 
‘Following the e completion of the tests with the friction br brakes at the ends 
the truss, tests were made in which external dry friction was developed in a oe 
‘This deck was s designed as a | series of steel plates 7 in. wide by Ye in. thick 
arranged. end to end the full length of the truss. Except for one section 34 in. 
long at midspan the deck sections were each 8.5 ft long. At alternate panel — 7 
points of the upper chord small plates of cold-rolled steel were bolted trans- ra 
eps on the truss and on these the deck sections were : supported. At one end “a 
of each individual deck section (except the 34-in. section) two short vertical — q 
legs were fastened. This pair of legs was attached to one of the transverse ae 
- Plates by knuckle bolts, making a connection that was resistant to horizontal i 
or vertical movement, but not to rotation. At each of the other support points, — 
_ the deck section was fitted with a similar pair of short legs except that these ey 
were tipped with shoes at the lower end to siding, 


: 
| 
7 
4 
roximately 500 Ib, and at the seme 
| __ fo develop the desired ‘oht in the specimen, the dead-load weight 
maintain the total dea & jeorge W. Davis, 


at the lower chord points was from 768.9 lb to 274, 3 


a a difference of 49 494. 6 6 Ib. Ballast st weights attached to the deck sections at the | 


Fig. 17. —Fixep AND Supine AT THE Enps or Street Puates or Deck 


removed from the lower chard panel points. 


section, the sliding ewe of the adjoining section, and the manner in which © 
_ the ballast weight was applied to the plates of the deck over the support points. ; 


have been determined view of the low values it 
- has been thought that the air damping probably was not an important element — 
- in the tests of the truss without the deck. With the addition of a relatively 
large horizontal area such as was represented by the simulated deck there 1 was 
ms _ reason to suspect that the amount of air damping might b become me an important a 
component of the over-all damping and some experiments were made to deter- 
mine how important this element might be. | sal 
vat A series of deck plates of hin. . plyw ood were attached to the truss in ite 
, ~ original form. Each plywood plate was attached to the truss only at the mid- 
ae of the plate : and as the plates were separated slightly, n no stiffening ~a 
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“Fig. 18 shows the relation between the decrement the 

- maximum dynamic fiber stress in the chord members for the three deck condi- 4 
he tions (no deck, plywood plates, and the steel deck with friction shoes acting). 

ie This graph is of the same form as Fig. 13, with the high stress values measured — 

the beginning of the test shown at the right-hand side of the plot. The 


decrement values were computed from measured values of successive 


ad _ It is apparent that the additional air vesistance created by the application of 


the plywood plates, and the consequent addition of some 24 sq ft to the frontal 
“area, does increase the over-all damping toa degree that is measurable, although 
5 the effect is relatively small. This tends to support the assumption that the : 

air resistance of the truss alone was not an important component of the over-all mh 

damping measured for that condition. 
a _ With the steel deck sections added, and with the | Coulomb friction at 4 
sliding supports in n operation, the i increase in total damping was found to 
- relatively large, how ever, being quite ‘similar to the effect observed with the 
brakes acting at the ends of the truss and corresponding sy approximately to - 
damping observed wi with a braking force F, 
As might be expected, the: frequency o of the truss cecillations changed slightly q 
Kis the steel deck sections were installed, the effect being to raise the , 
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Steel Deck 


Few Stress, in n Thousand Pounds per Square Inch ) (Dynamic Only) 


Fia. 18. _y, ARIATION OF THE Locanrrmac wir Fiser Stress ror THREE Deck 


Conprtions (Bottep Truss: Span, 36.83 Fr; Loap, Twenry-stx 34.5-Le Watants; NaTIonaL AIRCRAFT 
Sranparp (NAS) Screws WITH a TIGHTENING Toraue or 45 In. ris) 
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_- The third method used for developing external Coulomb friction included in — 
these tests was to substitute sliding shoes for the ball-bearing wheels that sup 

‘ permet yee one end of the truss in most of the tests. s. The shoes were mounted on 

carried by the same cross shaft that normally was used for the 


was not constant but slightly as as the amplitudes became smaller. 
n 


mal 
The lower ‘surface ¢ of each shoe was smooth bronze 
wheel end bearings, for 
the friction brakes in oper- 
ation undera normal force, 11 


‘ plate 3 in. long by 0.6 i in. wide and the opposing surface was of cold-rolled steel. oe 
tude decay data are shown 016-— 
curves for the truss on the — 
the truss on the sliding end rit 
2. bearings, and for the truss 0 0.13 
on the wheel bearings with 
0.12 
F, of 210 Ib] per brake. It ak 
is apparent that the sliding 


end bearings developed a 
0.09 
very strong damping force = 

3 
as the truss oscillated— 0.08 
stronger even than that 
the friction °° 


_ brakes operating. It will 


Truss on Wheel Bearings (with LT 
w weighed about 1 ened Ib so ty Fy 210 10 Pounds Bronze 


on the end bear-_ 004 = ~ | Truss on Sliding Shoe 


ings” was about 525 lb as ~ 


the surfaces of the brakes. ie 
a. bett der- 
For a better under- 
standing of the forces that 
were being developed in Number 0 of \c 
9.—Comparative Errecr oF Brake FRICTION AND SLIDING 
ary friction was being Beartna Fricrion on AMPLITUDE Decay 
desirable to obtain data on the frictional action of the bronze on steel surface ee 
combination, in the unlubricated condition, when the moving part was sliding rt 
a, Accordingly, an apparatus was designed and constructed in which the force 
“ setiaal to the friction surfaces was developed with the same lever arrangement — 


: a in the mechanical brake on the truss; and the amplitude s and frequency of 
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rere when these same surfaces were used were the brakes s during the testing of 
a the truss. By means of a strain gage and oscillograph, the entire cycle of the | 
— force required to overcome resistance to sliding at the plane of the bronze-steel 


ee tests with this device, using the same beonae and cold-rolled steel 


that went in the e friction brakes, it. tome 


. The horizontal force necessary to cause eb. to slide with 
“the reciprocating — described, varied with tir time, essentially i in ee 
b. The average of sliding friction fer thie. plane of cold- 
rolled steel on bronze, in the unlubricated condition, as determined by six tests, - 


C. Once sliding began, the resistance to motion (or the coefficient of all 


not vary with the velocity of the 7 motion 


Summary oF INDICATIONS THE Teens 
The sis of the data obtained from ‘the structural ‘damping tests, 


in the ‘described, indicates that: 
gs The qharacter of the amplitude decay for the be solid sections tests was: 


i definitely exponential whereas that for the bolted truss was more complex, being — 
apparently the result of a combination of the imperfect elasticity of the material — 
- with plastic yielding and friction due to small displacements in the joints. In _ 
_ these tests, of course, there was end bearing friction and air friction, nal 
nid stated peoviously, the former» was s present as a constant and the latter was 
believed to be relatively unimportant. 
a ta 2. In comparisons between the solid members and the bolted truss, the ~ 
4 truss ss showed considerably greater c: capacity for self damping, g, particularly at the 
“a higher amplitudes (or higher dynamic stresses). _ With the joints tightly bolted, 


the decrement values ranged from about 0.006 at 1,000 lb per sq in. to about — 
Z. Sm 0.030 at 10,000 lb per sq in. in comparison ¥ with a range of 0.0036 to 0.0070 i 
he -section at the same limits of dynamic stress. 
_ 3. The decrement values for all three specimens increased with an increase _ 
in amplitude | (or dynamic stress), the rate | of increase being greatest with =f 

4, For small amplitudes and small dynamic stresses the decrement values 
ow ere of the general order of 0.004 for all specimens. . The decrement values for * 

> the solid members did not exceed 0.007 in any of the tests. For the truss, how- 
ever, values as high as 0.073 were found at high initial amplitudes (and high 

dy namic stresses) in in combination with low bolt tension in the bolted 
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q 
a 
| 
| 
tighter the bolts, the lower were the decrement values. 
_——— @ jj. 6. The damping action of the joints in the bolted truss, apparently, was ? 
_ influenced more by the pressure of the surfaces held in Its than 


DAMPING’ 
in the dead load of the truss of of 50% e: 
change in its damping characteristics. rare if 
; + 8. The external application of dry or Coulomb friction greatly increased 
Where mechanical brakes that employed metal plates rubbing togethe 
W ithout lubrication were used to develop frictional forces for damping p purposes, sO aly 
a more dependable action was obtained with opposing omen of bronze andy a 


10. The damping obtained from the rubbing of steel on bronze without a 
lubrication follows the laws of Coulomb friction; that is, it varies directly with 


4 the total normal pressure on the friction surfaces, it is independent of their area, — - 

' and it is nearly independent of velocity. ¥. The effective coefficient for the condi- 

— . The application ¢ of the plyw w ‘ood plates to the truss, in lieu of 
- panels of equal frontal area, increased the damping } toa 1 degree that could 

: measured, although th the effe effect of the added air resistance on damping was %y 

a (12. Thei increase in the damping of the bolted truss, obtained by | the applica 

7 prisaa the simulated deck sections, was quite similar in character to that ob- 


tained with mechanical brakes in operation at the ends of the truss. = og 
substitution of sliding end bearings of bronze on cold- rolled steel 


CORROBORATION OF THE THEORY OF FRICTIONAL 


shgliadtai Errect OF MECHANICAL BRAKES AT THE ENDS OF THE TRUSS 


a leads to the derivation of po 
rF— <—F 
. 14° with h denoting 
distance from the sliding 
surfaces of the brakes to the 
neutral axis of the model 
truss, ‘The friction coeffici- = 
tests, to be f = 0.141 from which the braking force F (for F, 
pressure) is F = 210 X 0.141 = 29.6 Ib. 
Introducing | this value of F into Eq. 14, with E = 29,600,000 Ib per sq ae - 
l= 442 in.; h = 5.35 in.; and J = 20.3 in.', , gives 


the 4 
teel 
ith 
sts, 
ade 
vas 
ing 
the 

mut 
be th ends of the truss is shown in Fig. 20. Applying the same 
he — 
— 
— — 
— 
be 


a: “The theoretical damping hyperbola i is sadist in . Fig. 21, i in which 8 is s plotted 


bit 


we tf 


—— the amplitude a. ie similar ar graph is given for F, = 70 lb which sagt =| 


i From Fig. 16 the two dashed curves in Fig. 21 were sey es showing also the 4 


‘Surfaces curves for F, = Oin Fig. 16. 
tative agreement between theory _ 7 
and experiment. The empirical 
curves deviate but slightly from a 
x For values of a be- 


2 tween 0.4 in. and 1.2 in. the ob- 
ae greater than the theoretical values, indicating that at least in that range the 
_ frictional resistance presumably was 10% to = 0.141 


wh which value underlies the foregoing 
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detailed description of the desk system was given in n Part II. 
_ Fig. 22 shows the arrangement of the deck plate and the location of the expan- fa a ‘ 
. sion joints. _ The total weight of the deck structure was 498.lb, or 498/442 = ae W 

1.13 Ib per in. © It follows, therefore, that t the friction force AF = 0. 141 xX 1. 13 

= 0.16 lb per in. | Following | the procedure as outlined in Part I, the. Aaicisdes 

was computed by Eq. 226 as = 0.0368 cos z/I and shown in Fig. 23(a). The 

‘shaded area ‘S, for the entire truss, is 3.88 in.; ; and, to Eq. 25, is 


I a = 974 x 20.6 10° x 0.34 
0.03 


0.0093 In. 


04 06 08 
Amplitude a, in inches 
Tis 


The curve 6 = —— an et for com 
between and a, a, are shown in Fig. 23(b). curve was 
“observed diagrams after eliminating the effect of internal damping. The damp- 
5 ‘ing effect as observed, between a = 0.4 and 1.2, is .2, is | distinctly greater than that 
“predicted by the simple formula, Eq. 25. =0.15 
> indicates that the considerations in Part I relating to the beginning of Cie B 
_ frictional dems in the case of an excited | motion (see Fig. 9) are correct in ee 


"The collapse of the Tacoma Narrows Bridge on November ' 7, 1940, created a. 

: a widespread demand for a comprehensive investigation | 1 of the « dynamic oscilla- © 
2 of suspension bridges. As a result, in 1942, the United States Public fPs2% 
Roads Administration ‘sponsored the organization of a group of competent 
engineers, representing various interested organizations, to explore the problem. 

f % This group, whose function it is to assume general direction and supervision of __ "s 
sg the investigational work undertaken, is known as the Advisory Board on the — 4 
Investigation of Suspension ‘Bridges. co-author, Friedrich Bleich, served as 

as consultant to this group from May, 1943, to June, 1947. Subsequent to 4 
- death, on February 17, 1950, the work of interpreting the original notes, 
reconciling editorial details, and answering questions in discussion con- 
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ny. bridges, a problem distinctly ' different from that of damping i in other types pes of 


‘BERNHARD ON STRUCTURAL 


_K. Bernaarp,t M. ASCE.—In their paper the authors determined 

4 experimentally the logarithmic damping decrement of steel structures by means © 
of displacement amplitude-decay curves. They obtained a maximum value 


of 0.291 for the logarithmic damping decrement (Fig. 16, curve for 


Ib) in a bolted truss with aspan of 36.83 ft. 


It might be of interest to compare this figure with values obtained by 
yas another method based on response curves produced by means of mechanical — 
_ oscillators.6 These experiments yielded values for the logarithmic damping» 
7 or decrement = to 0.31, hence maximum values that are only 6.5% higher than 
This slight increase might be explained as follows: | 


jonse curve were carried under actual field 


tests included ‘the damping due to the bearings, supports, unten sur- 


FP Rass the statement of the authors that friction in riveted cn 

_ tions—as compared for example with quasi-frictionless welded connections — 
-—inereases the friction da damping substantially agrees: with experiments of 


- Finally, similarly to the findings of the authors, periodic field tests with 
oscillators showed | that the tightness of the Tivets has a rather significant: i 
influence on the damping _ characteristics. Since riveted connections of newly 
installed structures are normally in a tighter condition than older, worn-out _ 
a decrease i in n the decrement has been observed 


od? 
8. Vincent, 7, M. ASCE.—A compact, well-coordinated presenta- 4 


tion of theory and experimental data on the problem of damping in suspension 


: _ structures, is given in this paper. ' The mathematical treatment is surprisingly _ 


_ simple and direct, and the report al tests is packed with facts, the significance ~ 
which i is well-accented in the section titled of Indication from the 


amic “Test by of Vibrations,” by "Rudolf K. Proceedings, AS. T. M., 

‘cr paer “Artificial Vibrations—A New Method of Research, ” by Rudolf K. Bernhard, Civil Engineering, 
Vol. 7, 1937, pp. 286-287. 


Principal Highway Bridge En Engr., 8. ‘Berean of of Public Roads, Structural Laboratory, 
Univ. of Washington, Seattle, 
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the first years (training period) of riveted bridges, probably due to a 
It is indeed gratifying that the laboratory experiments, which could be 4 
carried out more rigorously than the writer’s field tests, did lead to similar 
4 
— 
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"VINCENT ON STRUCTURAL DAMPING 


of the paper leave ve Hil to be added way of of interpretation of results of ‘the 


- The data given on ‘atmospheric damping should not be | given an inter- ae 
pretation beyond that intended by the authors. The test was made simply to 
Bs determine how much of the air resistance on the 734-in. plate might distort iy F 
the measurements of the damping effect of the carefully calibrated friction 
é _ induced by a simulated deck action. The air resistance measured was applied x 
 toan abnormally narrow deck and, of course, ‘neglects | the atmospheric damp- | 
; : ing on the truss members. With these and other limitations in “mind, itis 
interesting to analyze the plotted atmospheric as revealed by the 
difference between the two lower curves of Fig. 
- amplitude and increases roughly i in proportion to the amplitude. By — 
ing the curves of Figs. 18, 13(c), and 14, the approximate equation for the a a 
logarithmic decreme nt in terms of the amplitude, is: on 


= 


are second aa is dominant except for small am 


varying as the “square of velocity. The maximum value of the velocity 
= of the vibration is w ”, in which w is the circular r frequency « of the vibration. 


The force thee rhe C; and in one cycle it will perform work equal to: 


a wink > 


m 


: e Thus Eqs. 37 and 35 represent, respectively, the first and second terms of Eq. Eq.32, 

_ Atmospheric damping seems to be predominantly the result of the inertial 4 
force of the wind with a small constituent of viscous s damping. 4 
yo # _ The fact that m is in the denominator of both Eqs. 35 and 37 i is important. Ae 
c - means, for example, that if a bridge of the same shape i is doubled i ‘in weight La 
_ (without altering the frequency of vibration), 5, will be reduced by half. A 
q model test will indicate the atmospheric damping of a prototype only if the = 
= avs weight, or weight per panel, is scaled to the cube of the linear scale. e In a 
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ar If the air resistance 

of 4 
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te 

_ with tests on the H-beam. It, of course, was not intended as an aerodynamic “I 


, of a any - prototype. Its weight i is roughly three times too great for a 
typical truss bridge at a scale of 1 to 30, and seven times too great ifinterpreted 
=: a scale of 1 to 50. yy Its stiffness also exceeds that of an aerodynamic a 


ay ui ‘Fig. a shows the result of tests on a model of the proposed Tacoma Narrows 


Free Springs 


ne 


a¥ 


logarithmic 4 
ofa ft | suspension bridge with unloaded backstays supporting a 3-ft wide 


peek. walkway. Most of these curves show the typical form revealed a 
theory, as illustrated by Fig. 9, and by tests, as illustrated by the upper are 


ing with the pronounced longitudinal motion of the 
structure in the 1 -node vertical mode. . Possibly’ finer measurements 


lower amplitude. 
It was found that one of the flat section tested i in the 
tory represented quite well a 44 scale model of the deck of the Twin ke 


Bridge (W ‘ashington), and from the test data the atmospheric damping of the 


bridge was calculated for the 2-node vertical mode, shown in Fig. 25(a). ‘The 


dashed curve represents the true structural comping, and the interval between 


— 
= 
a 
8 
§ 
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friction damping stifled the oscillation too rapidl} 


The damping of a light timber-decked foot bridge is, of course, no indication | r 
ot the damping of suspension bridges in general. The tests were made at the Y 


* i “same time on a 270-ft single lane highway bridge with plank floor, which showed ae 
= meh higher damping, this being attributed to the articulation of a joints of — 


at 
2 NODE VERTICAL MODE | (0) 1 NODE VERTICAL MODE | 
48 CYCLE PER MINUTE FREQUENCY rT 344 CYCLE PER MINUTE FREQUENCY 
006 0.08  0.10,0.04 0.08 


= 


yew (c) 4 NODE 
88.7 CYCLE PER MINUTE FREQUENCY 


Af 0.04 006) 008 0.02 


relatively deep timber stiffening Selberg « of Trondheim, Norway, 
has reported tests made on a number of girder-stiffened suspension bridges in 
oo that had either concrete deck or timber flooring. - The decrements _ 
It is the writer’s opinion that the reliable determination of the structural es op > 
damping of suspension bridges will require a at least a few tests in which suspen- a 


sion bridges oa considerable size are | mechanically y oscillated i in modes 


analysis laboratory tests in this paper and ‘the more detailed 
a treatment of damping by Mr. Bleich® should make it possible 1 to ‘expand the 

- indications from a few bridges to secure a reliable estimate of the damping of | aS te 
suspension bridges of varioustypes. 


Effect in Suspension Bridges,” by Arne Selberg, Publications, International Assn. for 
Bridge and Structural Eng., Vol. 
__*“The Mathematical Theory of Vibration in Sugpension Bridges,” by Friedrich Bleich, C. B. Me- 4, 
Cullough, Richard Rosecrans, and George 8. Vincent, U. S. Bureau of Public Roads, Govt. Prin 
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Tests referred to i in this were as a part the cooperative’ 
a —- on the aerodynamic behavior of suspension bridges by the Bureau of 
Public Roads and the University of Washington at Seattle, 
9 


FarquHarson,!® M. ASCE. —This paper performs a very ‘useful 
vs function in bringing beforé the profession the fundamentals of the mechanism fi 
of damping» on this type. of structure. _ Of equal value are the theoretical — 


studies and the laboratory investigations on simple structural components, 
a which provide a background for the evaluation of the probable amount “a: gy 
damping to be anticipated in various structural combinations. “Tt 
It will be the perpose of this discussion to place on record certain n additional — 


in which 5, equals the structural decrement, 8, equals the atmospheric decre- — 4 
ment, and is the total decrement obtained by the model 
Lied 


evaluation of bs of the model requires that model be removed 


ay air resistance. + In this type « of suspension : all of the structural: damping arises v7 

_in the spring suspension since the model is rigid. Since neither 5, nor 65, are 

of any direct interest at this point, it is $0 to make in terms of 
The two sets of curves in Fig. 26 are taken from extensive tests ona 1/50 — 
In 


- 


4 ‘conditions i in which dy0 was varied j in eight steps between 0.1077 and 0. 0278. 
's is evident that alteration in damping has a negligible effect on the yor . 
velocity but that the effect on maximum mae is very marked. An 
= increase in logarithmic decrement from Suro 
‘fold increase—resulted i in a 3.4 fold in amplitude. 
In Fig. 26(6) torsional response curves are presented under 7 conditions mf ; 
— in which varied between 0. 0109 and 0 0. 1066. Here it is clear that 


- any change in level of damping. A 9.8 fold i increase in the value of bwo corre- 
‘sponded to a 2.5 fold increase in critical velocity. ies nd: ai 
ane The data shown in Fig. 26(b) are taken from a very complete study of the 
eet of damping on the torsional mode for this section and has been somewhat 2 
Simplified for this discussion through the elimination of another appearance 
3 the same torsional mode (that : appears ; at the same frequency). On this be 
a of section the first appearance of the torsional mode (that is restricted or a 
is completely suppressed by values of logarithmic decrement 


2 } oi Prof. Civ. Eng.; Director, Eng. Experiment Station, Univ. of Washington, Seattle, Wash, > 
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hie representing velocity in the Meld im miles per hour, 


in excess Of duo = 0.039. Below 5x. = 0.035 it becomes difficult to separate qr. 
the. catastrophic manifestation from the restricted, and the dashed portion 
= the curves B, C, and D represent a simplifying rationalisation yielding oss 


= 


a In summary, it ; may | be stated with respect to a girder-stiffened section i 
4 that increase in damping is effective on restricted modes only in decreasing oe 
the amplitude, although in the catastrophic modes an increase in damping i is 


es effective i in elevating the critical velocity of the response. 


Double Amplitude, in Degree: 


o 


2 30 38 4 45 
Velocity, in Miles perHour 
rk 
uk An additional Sanne is shown in Fig. 27 and i is taken from tests on the — 
new Tacoma bridge in which stiffening was ‘accomplished by m means of a truss. aa 
= The principal improvement arising with this section, as compared with the | 
_ original girder-stiffened section, was in the complete elimination of f the vertical — 
modes and the alteration of the catastrophic torsional response to a eral 
‘This restricted torsional response reacted to change i in damping in exactly — 
the same manner as did the vertical modes shown in Fig. 26(a). "? In Fig. : a 
decrement was between values of wo = 0.0152 and 


fold seduation in amplitude, and i increasing the damping to = | 


_ It may be stated, in general, that such increases in Coulomb damping as 
‘may be realized by the author’s method are chiefly significant in controlling . 
a restricted type of oscillation. ‘This fact is well illustrated 
i. Fig. 27 in which the restricted torsional response was completely controlled ty 


a relatively moderate increase in damping. On the other hand, Fig. 26(b) is 


; u “Unusual Design Problems—Second Tacoma Narrows Bridge,” by Charles E. Andrew. Tremnstions, 
ASCE, 114, 1949, p. 44 
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by a typical of the binineen of a section subject to a catastrophic response in which 2 

a mo reasonable increase in damping can be expected to increase the oe 

7 _ This paper - serves to emphasize again the need for a determination of = a 
structural damping existing on certain representative suspension bridges. 
E, Fl “at Until such information is available, it will be impossible to fully analyze the 
behavior of these structures i in wind, reliable prediction regarding proposed 


0.0365. 
ns 0.0317 


oF 27.—VARIATION OF IN THE Torstowat Move; N = 14.6 Crcues PER AN 


A _ seinen of the Washington Toll Bridge Authority ‘and the Advisory Board 4 
on the Investigation of Suspension Bridges’ under a cooperative a ‘cement 


ARNE SELBERG”. —Since the writer is s concerned with the same 


q 


ne. The results of these tests are in agreement with those of the paper. For vertical i. 

_ 7 oscillation with 1 node the observed values of the decrement 6 varied i in value a 

ss = from 0.07 to 0.16 for bridges with rolled steel beam stiffening girders and 3 
- continous ‘reinforced concrete slab. © For bridges with timber flooring, the 

L value of 6 was between 0.12 and 0.22. ‘Vertical oscillation with 2 nodes had 

. by values varying from 0.04 to 0.08 and 0.07 to 0.185 for the same bridges. pt 


a Prof., Institutt for Statikk, Norges Tekniske Hggskole, Trondheim, 


- aia “Dam mpening Effect in Suspension Bridges,” by Arne Selberg, Publications, International Assn. for 
Bridge and Structural Eng., Vol. 10, Zurich, Switserland, 1950, P. —_— "8 
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different in are the result of frictional forces i in action i in bearings, 
oscillation with 1 0.2 and 0.3; and for 2- vibration, 
from | 0.06 to 0.12 and 0.15 to 0.18. . The tests pehow that timber flooring gives é. 
a high value of 5 because of the internal frictional forces in the flooring. With 
continuous concrete flooring the frictional forces are of lesser importance, and, 


for some types of oscillations, dampening will be mainly the result of internal 


sat As reinforced concrete is an 1 important part | of the suspended span in many 


to complete the investigation in the paper. However, tests with 
4  conerete slabs must also i torsional 
Late Frieprich Bueicn,“ M. "ASCE, and L. M. 
ASCE —The that have been presented are all contributions to the 
subject of the paper. The general approval of the paper by these discussers i is . 
- particularly gratifying because of the intimate knowledge each has of the sub- ae 
_ The comparisons offered by Mr. Bernhard between his own experience in > 
_ damping tests of full-size structures and certain observations ns reported in the — 
Mr. Vincent is quite right in against attempts to extend theinter- _ 
_ pretation of the data on atmospheric damping, as given in the paper, beyond 
a intended. _ His analysis of the atmospheric component of the — 
damping observed for the truss is an interesting addition. The data obtained 
in the experiments with the 163- -ft suspension bridge are interesting. . The 
need for data on the damping ¢ characteristics of suspension bridges obtained 
from tests on full-size structures is quite apparent as Mr. Vincent points out. — 


conduct « of such tests practical problems of some magnitude, how- 


= when they are are made, w will an opportunity for = 
parisons with the damping data on full models obtained i in the ae a 


studies conducted dat the University of Washington. 
The c comparisons offered by Mr. Selberg as the result of his | ona 
of suspension bridges of moderate span in Norway are of interest. — Iti is true, 
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MODEL AND PROTOTYPE STUDIES 


= 


By RALPH L. PARSHALL, 2 A. M. “ASCE 


js 


deposition of water-borne gravel, ‘sand, and silt has long been. recog- 
a nized as one of the most troublesome problems incident to the operation and 
“maintenance of many of the irrigation and power canals of the west. Inordi- 
nate expenditures of time, labor, and money are made annually on this Peercsenert : 
_ The reduction in the carrying capacity of a canal used for the Seivery of 2 
- either for irrigation or for power means direct financial loss. In some 


cases periodic cleaning of the wines has resulted in such an esi 
the spoil banks are approaching a limiting condition. 
This problem has been investigated, primarily, at the 
Laboratory at Fort Collins, Colo., by the Division of Irrigation and Water — 
 Cammivetion, Soil Conservation Service, United States Department of Agricul- | 
in -cooperation with Colorado Agricultural Experiment Station. 


From the investigations of various plans two practical methods have emerged 


-vortex- tube sand They capable of catching ‘the bed 
as it is moved along by the flowi ing gwater. 


; a The main feature « of th the vortex- -tube sand trap, as shown in Fig. 1, is a 
a 2 tube with an opening along the top side, laid in the bottom of the channel = 
a at an angle of about 45° to the axis of flow. The elevation of the top edge 
i. or r lip i is the same as the bottom or grade of the channel. — As the water flows © & 
is ‘over the o) opening, a ‘a pronounced whirling or spiraled vortical motion is estab- 


lished within the tube; this motion extends throughout the tube length. This 


Collaborator, SCS, U. S. Dept. of Agri. and Colorado Agri. Mech. ‘Experiment & Station, 
Collins, Colo. 


— Norge.—Published in May, 1951, as Proceedings-Separate No. 67. Positions and titles given are snail 
in effect when the paper or discussion was received for publication. 
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whirling “action catches the bed load as it passes ‘over the lip ia 
and carries the sediment to the outlet at the downstream end of the tube, ; 
where it is discharged into a suitable sluiceway for disposal. at} 
a Laboratory tests, as s well as field tests, indicate that the aathuinnicentinn: of 7 
the vortex tube occurs when the water passing over the lip is moving at or 
_ near the critical velocity, that is, , when the » velocity head is equal to one half 
= depth of water at the lip of the tube. In the laboratory various sha apes, 
_ sizes, and lengths of tubes were studied. For a particular setting of a 4-in. 
= with a water velocity of approximately 3 ft per sec over the aa and with © 3 


Fig. 1.—Fovunr-Incn Tuse Ser 90° ro THe Axis OF THE CHANNEL 


yond tis 


rn the rate of rotation near the outlet adj about 200 rpm. thee this ‘condition 
sand, heavy gravel, and stones as large as hens’ eggs rar readily ejected — 
Fig. 1). Farther investigations with a 4-in. tube of uniform | diameter pro- 
duced a maximum rotation of the spiraled flow of 300 rpm., which created a 
sufficient energy to move a cobblestone weighing 7} lb along the tube ata 
uniform rate of about 3 ft per sec. The distance moved was about 7 ft, and 

thes mean . velocity | of flow in the channel over the lip of the. trap was 6.6 ft 

_ persec. The axis of the tube was at a 30° angle to the axis of the channel and 

s had a dpe toward the outlet of 2 in. in 4 ft. n Discharge of the tube was a. 

. the total flow. When the 4-in. tube was set at an angle of 45° to the channel n 
-_ a velocity of flow of 6.9 ft per sec, the maximum rate of oo was 
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had 3 Ib to 4 Ib. Laboratory tests on a vortex tube indicated that the. efficiency : 1 
SS diverting the bed load would be approximately 90%. No particular suc- 4 


ay cess was attained in small-scale model studies of the vortex tube. . Therefore, | 

_ the laboratory work was confined largely to tube sizes ranging from 4 in. to 
in. in diameter, which were assumed to be full-scale dimensions. 
ae The vortex-tube sand trap has been tried in the field, and in some cases 
a _— has been a failure, whereas in other instances it has proved successful. ¥ 


a Ae ad Two conditions have been found to be awry in installations that have been 


ineffective: First, the velocity i in the ca canal ¥ was too low, and, , second, the tube | 


Fic. 2.—Vortex-Tuse Sanp Trap tn Jackson Drrcu, HyYprav.ic 


was: set below grade in the channel. — In the Jackson Ditch at the Bellvue — 


Laboratory (shown in Fi ig. 2) “a vortex tube has been in successful | operation — 
since April, 1935. The structure is of concrete, is 8 ft wide, and has vertical 
_ walls and a channel rising slightly fr from the upstream en end of the f floor tothe — 
ss: of the tube a and sloping downward from the tube to the downstream end 
of the floor. me The tube itself i is cast of concrete and has a diameter at the 
- outlet end of 8i in. and a back end diameter of 6 in. - The tube is at an angle of 
be 45° to the axis of the channel. The capacity of the Jackson Ditch is approx- 
_ imately 60 cu ft per sec, and during periods of moderate to low river stage the — 


‘diversion i in the canal i is 11 cu ft per sec. It appears that the tube i is especially 
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e 
indicates definitely that this sand trap is efficient. 

Hix 


The riffle-vane deflector sand trap consists of a series of curved sheet 


side view is with the top point curved toward the down 
; 4 stream side, as shown i in Fig. 3. The sheet metal vanes, 10 in. high and spaced 
a8 about 10 in. apart, are attached in a vertical position to the smooth, level Shine 


floor of a channel, and on some installations the floor is sloped laterally. Ex. 
arious sizes, shapes, and spacing. 


ENTAL VANES Ser ar or 90° ano wit 


Axis oF AN 8-Fr LaBoraTorY CHANNEL 


For some the the bed was 
Ww ‘hen the riffles were set in line normal to the axis of the canal, the bed lo 
was moved laterally at 90° toward the outlet in a well-defined, limited area 
immediately downstream from the line of riffles. The curvature of the riffle 
produced the effect which ‘moved the load laterally, and the flow of water a 
yl over the riffles resulted i in a condition that maintained the bed load in a ridge cs 
i downstream from the riffles. The action of the riffles was apparently independ- 
ent of the depth of flow. Under maximum conditions of channel 
| Seopevsimatly. 4 ft per sec) the energy developed was sufficient to move Sane 
large cobblestones, exceeding sizes which would pass through a 4-in. square he 
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SAND TRAPS 


ia Field have of this type of | sand trap, but the device was 
too successful. One the disadvantages is that considerable debris 


edie made in the Wannameker. Ditch near Golden, Colo. " ee a series of 
“six unr of ‘riffles 1 were e placed in a channel 6 ft wide. _ The riffles | were 6 Le 


aes gy under optimum conditions was about 15 lb per sec. If the vanes are bt 
inte of lodged material, such as roots, grass, tree Milica, and other fibrous: 
matter, , this typ pe of sand trap should be highly effective. The riffle-va -vane 
dl deflector sand trap is best suited for moderate channel velocities of 2 to 3 ft 
persec. Itisnotintended for widechannels, 


THE Vortex TuBE 


‘The en promising g and practical sand trap developed is the riffle-deflector, 4 


meni tube type. In general, this device consists of a series of curved riffle _ 
deflectors on the bed of the channel. The bed load is moved laterally to the — 
end of the riffles, where it is taken off through small vortex tubes discharging © 
into a common compartment, as shown in Fig. 4. This compartment 
provided with an outlet that sluices the total trap load back to the river, 
downstream: from the diversion dam, or it is disposed of in basins as a 
material. riffles are parabolic in plan, have a vertical upstream. face 
height of about 13 ft, and a top surface sloping downward to a feather ‘oo “ 
d i in a@ distance of about 5 ft downstream, as measured parallel to the axis of the 
ya channel. ; _ A cross section of a single riffle is a right triangle. . Since the riffles 
= curved identically in plan, they are fitted progressively, one against the a 
other, ina direction. The number of rifles depends on the nature 
of the bed load. For coarse sand and gravel fewer riffles would be required, 
a ‘i yy whereas for fine sand the number of riffles would be greater—in no case probably 
- a This type of trap can be re adily | adapted to either narrow or vite channels" 
and to flows ranging from less than 10 cu ft per sec to more than 2,000 cu ft 
per sec. For canals 20 ft to 50 ft wide it is suggested that two series of — 
rifles be provided to crowd the bed load to the middle or axis of the channel. a 


Short vortex tubes at the ends of the riffles carry the load into a narrow com- 
_ partment built along the center line of the channel, where | an outlet pipe con- 
BK ducts the trapped sand and water to the point of disposal. - For channels rang- 
La ing in width from 50 to 100 ft a double installation with four series of riffles is 
recommended. The outlets from the twin installation join in a common pipe 
i placed below tl the bed of the canal, leading under the canal bank. Laboratory a 
tests on models of the riffle-deflector, vortex-tube trap indicate that it is capable 
4 of capturing 90% or more of a weighed racemes sample introduced in ie a 
aa A few field installations of this type of sand trap have been 1 made, and oe ; 
_ have been successful in catching bed loads, not only of relatively coarse <4 F 
4 but also of fine sand. Asan experimental installation of such a trap, a timber 


2 
structure capable of handling very. fine sand was built in the 
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at reinforced eoneuehe structure, placed in a supply canal for the Colorado 


discharge it into a narrow longitudinal compartment. A 24-in. concrete pipe ; 
Serves as an from the downstream end of the compartment to river. 


continuous use of the trap, observations along the canal downstream from 
_ the heading indicate that,there is very little, if any, river sand found in the 


channel. It is assumed, ‘therefore, that the efficiency of this installation is 


ta Another problem requiring solution was the desanding of the ‘anumans 


Irrigation District Canal that diverts from the King’s River near Fresno, _ 
* Calif. This canal has a bottom width of 90 ft at the heading and a capacity of ey 


more than 2,000 cu ft per sec. Excessive cleaning operations resulted in great s 
- piles of sand at places along the canal, and in some instances the disposal _ 
piles encroached on vineyard lands that had to be purchased at $1,000 per acre. 

Dragline cleaning was necessary at various points every season, 
oo Because of the apparent success of the riffle-deflector, vortex-tube type of a 
sand trap—especially the installation in the supply canal to the Colorado — 

‘ Fuel and Tron steel el works—the Consolidated Irrigation District t arranged f for 
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“the building of a a model at the Bellvue Hydraulic Laboratory, ti 
te 
? 


ant hes 


This was constructed of common surfaced 
_ 41 ft long and occupied the full width of the 14-ft laboratory channel. ~The 
a. model consisted of a double trap, of which both halves were identical am 


x was 7 


: for the type of collection chambers. _ In one case a straight side-wall, sediment- — 
storage compartment was used. - The compartment was 4 ft wide inside and 
a +62. 5 ft long with a a streamlined upstream end to ) reduce turbulent flow over the 


= 


a of the model was provided with six vertical 48-in. concrete pipe collectors 
a _ spaced 10 ft on centers and connected at the base by 24-in. concrete pipes. 
iat ee 4 A streamline splitter was fixed to the front side of the first vertical pipe. These 
types of collection chambers were studied independently as to efficiency 
‘The ‘sediment was deflected toward the ‘collection chamber by the 
riffle deflectors and was intercepted by a series of six vortex tubes, as | shown ¥ 


in Fig. 4. > The | lips of the vortex tubes were 1.5 5 ft below the grade of the a8. ; 
channel. Because the first. set of vortex tubes: caught about two thirds of the q 
total bed load and the first and second sets combined caught about four fifths . 
of the total bed load, the outlet from each type « of collection chamber was &§ os. 

located at the point where the second set of. vortex tubes discharged into the 


farther downstream would have to move upstream in the collector, but the 
~ largest quantity ¢ of sediment would move a minimum distance i be n the collection 
4 To gage the discharge through the model , a 40- ft measuring | flume, con- 
structed to. scaled dimensions, was placed downstream from the last riffies. 
ea _ For the prototype flow of 2,100 cu ft per sec in the canal, the discharge of the 
40-ft model flume was 6.64 cu ft ‘per sec, and the discharge ¢ of the s sediment- 
amor ral system v was 0.32 cu ft p per sec. The canal discharge was : regulated - 
a by means of flashboards, and the sediment discharge was regulated by slide — 
valves at the outlet ends of the vortex tubes. The approach channel was 90 4 = 
et ft wide for a distance of 185 ft with a , scaled grade equal to that of the actual 
canal and side slopes of one to one. 
Model testing, especially of sand-trapping devices, has never been very 
ai satisfactory because of difficulty in selecting the media used to simulate sand * 
of various kinds and degrees of fineness. In these studies materials used y 
4 included coarse and fine sand; silica, such as standard sand for cement ace 
testing; | soft | and ‘coals; hard brick; 


collection chamber. This required that the sediment from the vortex tubes — 4 


adaptable as medium for ada For the C Consolidated 
Irrigation District sand trap ‘model actual sand from the canal, ordinary 
river sand obtained at and ‘coal and brick 
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was s found satisfactory for observing the of 
the ‘riffies ‘aad ‘wedten tubes as well as the movement within the chambers ae 
toward the outlets. For the most part the discharge was for full capacity of for 
% the canal—about 2,100 cu ft per sec. The rate of flow in the channel was Gat 
determined by measurement through the 40-ft model flume, and the sediment. 
4 discharge was determined by a 3-in. flume. The measured discharge overa 


rectangular weir and the discharge through the 40-ft model flume showed 
| ‘agreement within about 2%. ilt to dans > off 
; _ ‘The tests on the model were not extensive. Trial runs were made to permit 
visual observation of the general action of ‘the rifles, of the tubes, and of the 

‘movement within the collecting chambers. Alterations i in 


prove the general over-all efficiency of the model. 


=” 


Ke Fiow oF 100 Co Fr per Sec over THE Wren, Looxinc UpsTREAM IN THE CANAL OF THE 


Officials of the District inspected the model in operation, 


certain changes and alterations in design” were discussed. In building the 
prototype, , the primary change made to reduce costs was to eliminate the 
—— -40-ft measuring flume and replace it with a low-crest weir across the canal 
immediately downstream from the sand trap structure. 48-in. vertical 
concrete-pipe collecting wells were selected in lieu of the -straight-walled 
compartment. Because of the relatively small percentage of bed load captured 


ae by the two downstream wells, it was decided to have four wells instead of 


Bee For a flow of 1,788 cu ft per sec over _ control weir of the prototype, the 
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~ 1 alien enn section upstream . from the sand trap, as shown in Fig. 5. 
all is | straight, very u uniform in width, and has a smooth cobble bed. The ap- 
‘ proaching flow, as indicated by the water surface, is smooth. ni Sand pedis 


on the we of this section of the channel may have been ‘Present. on If 80, wort 


4 
s gates were closed. For low flow (1,000 cu ft per sec or less): the mean aren % 


over the east, central, and west sections of the sand trap were definitely un-— x 
balanced. They were greater in the central ‘section, as could be expected. 
_ _ The efficiency of this large sand trap could be tested on a full scale in 4 
=f field at considerable cost i in a time wand ppren i, Nev ertheless, detailed observa- 


he the main canal is divided ato two breaches. _ Just upstream from this — 
bifurcation the canal is of considerable width with deep water ata wares. 4 


low: velocity. Before the beginning o of the 1949 irrigation season about April | a 
| this section of the canal was cleansed of sand deposit. At the close of the 


the time the canal was: in use. ‘Tt is ; generally : ‘assumed by those who are _ 
closely with the of this large canal the of 
necessary each 3 year, for certain stretches greg the ‘sand would 
= to a depth of 4 ft or more per season. No cleaning was done ‘during 7” 
1949. — Sand in transit in the channels will move to places favorable for de- 4 


positing and later be dredged out. Once the system is stabilized, canal 
cleaning should be necessary only at three- to five-year intervals. It was” 
estimated that the previous annual cleaning operations cost $4,000 per | year. 
The sand trap, whieh cost was December, 1947. 
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BLENCH ON SAND TRAPS: 
BLEeNcH,? M. ASCE. _The first bed-sediment ejector in Pakistan 
EB India) was devised in the early 1930’s for a flow of approximately : 
7,000 cu ft per sec by E. S. Crump of the Punjab Irrigation Service. 
7 The circumstances are interesting. ‘The Upper Jhelum Canal was completed — 
about 1903, with the main object of carrying feeder water some 100 miles rs 
from the Toohows River to the Chenab River to assist the Lower Chenab Canal. _ 


3 The first 50 miles were excavated in the tow of erodible foothills running along eee se 


the Jhelum. In the upstream portion of these 50 miles several torrents existed. i 
of such size that level-crossings were arranged. It transpired later that, when it 
these crossings operated during spates, sediment entered the canal. 
- Nothing untoward happened until about 1930, 1 ‘when water levels in the e plains e 

: area of the canal downstream of the first 50 selles started to rise to such an 

z extent t that canal supply had to be curtailed in the interests of bank safety. — 

The c cause, se, shown by hydraulic surveys, was that the ; slugs of coarse sediment 


injected by torrents, and unnoticed in the upstream reaches (in which slope 7 

remained slightly in excess of regime because of excavation in relatively — 

~ inerodible clay) had at last ‘approached the r regime reach of the plains and — 

—— an enhancement of bed factor. Luckily, the tail end of the first 

50 miles possessed several siphons, well below canal bed level, to take mod- — 
cross-drainages. So, Mr. Crump selected such a site and built 
Shes j was in effect a tunnel across the canal with its roof at canal bed a | 
bi level. He provided holes in the roof for bed sand to drop into, blocked one ey 
bp end of the tunnel, and provided the other with a gate | which, when opened, BOS : a 
caused the ejector to work continuously and discharge its sludge into the 
4 cross-drainage beneath. The gate was operated whenever a slug — a 
vided water could be spared. The results were so good that several siphons 


were adaaies in the | same Ww vay. 2 ee ithin a a few mon months the canal was back - 


‘Such ejectors can be 100% efficient for coarse material such as 
--For fine sand and their efficiency is poor, and two or three have to be built in 
series to have much effect. The inefficiency for fine materials arises from the — 
ease with which these materials go into suspension. There has been little a 
model work as the operation of the prototypes is is understood; , model work h 
been concentrated on excluders. 
= L. PARSHALL,? AL ASCE.—The of the theory and 
design of devices to capture the bed load moving in a channel has been one of — i 
long standing. _ Sand traps are much like other hydraulic devices in that no no 
one design has proved to be of universal application. _ Many different schemes 


Associate Prof. of Civ. Eng., Univ. of Alberta, Edmonton, Alta, Canada 


Collaborator, SCS, U. 8. Dept. of Agr. and Colorado Agri. and. Mech, College, Experimental Stat 
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ON SAND TRAPS 


the bed load, width of channel, and the velocity of flow and Iti is 
usual assumption that sand traps are intended for the removal of the bed ene 
Ko and not for practical application for catching a substantial amount of the sus- 
Ny pended material. To cope with finely divided particles in suspension it is 
a. necessary to reduce the channel velocity to such a low limit that no movement is q 
ib induced in the heavier bed-load material. 4 
ms __ The discussion by Mr. Blench is an interesting contribution to the subject. of i 
_ disposal of bed-load material carried in canals. _ The scheme developed by Mr. | 
Crump of the Punjab Irrigation 8 Service in India is a very practical means of 
protecting channels from bed-load deposit. _ However, the outlet conditions 
often dictate the efficient operation of a sand-trapping device, and for the Upper 
Shelum Canal there i is evidently a Sufficient head for sluicing out the deposit 


BB msc cross tunnel. It is the usual experience in installations near the diversion 3% 


_ that the head available for sluicing is quite often limited, and for this reason the © 
sand trap must be located further downstream from the heading. When the 


location is at a considerable distance from | the headworks, the upper “section 
_ of the channel may become fouled by bed-load deposit resulting in a marked ~ 


reduction in the carry capacity of thecanal. 


A riffle deflector vortex-tube sand trap of the latest design i is now being con-— 
structed in the Beardsley Canal, Kern County Land Company, Bakersfield, 
Calif. The width of channel i is 35 ft; | the depth of water, 6 ft at a velocity of 

about 3 3 ft per sec; and has a ‘eupacity of 700 cu ft per #06. _ The bed load is me- 
S dium size sand in variable amounts depending on the stage of the river and the 
extent of the canal diversion. — The outlet from the sand trap consists of a 
30-in. concrete pipe about 100 ft long. head available for sluicing is ample 
_ This trap consists of nine concrete rifles placed on each side of a reinforced | 
~ concrete compartment located on the axis of the channel. The end of the 
_-‘riffles are 3 ft from the face of the compartment wall. There are five short 
~ vortex tubes feeding into the compartment from each side at 10-ft intervals. — s: 
These tubes are of the same design and dimension as used in the Consolidated - : 
j Inigation D District Canal and described in the paper. A partition wall runs 4 
from the check structure in the canal, 50 ft downstream from the end of the 
- compartment, separating the channel into two equal parts. This arrangement — 
provides for a more favorable flow over the riffles for low to moderate discharges — ; 
inthe canal. For the full capacity of discharge i in the canal both sets of riffles — 
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‘fai 
‘NATIONAL. GEODESY—STATUS At Wort 


Mitton O. Scumipt, aND Oris CoLBERT. 


From its earliest the United States Coast and Geodetic Survey 
has been engaged in establishing a federal geodetic framework of 
horizontal and vertical control as a prerequisite to national mapping and as a 7 ® 
me base for | land surveys and engineering projects. . This paper describes the de- i 
a velopment « of the geodetic network in the United States, the present status of Es Pig 
control surveys, the planning of future geodetic surveys, and the part that engi- “a 
Bn: can play in helping to preserve the many thousands of monumente pea a 
stations and bench marks that have been | ‘established. 


ba is ‘The activities of the Coast and Geodetic Survey of the United States oo 


Department of Commerce date back to the early part of the nineteenth cen- i os 


¥ nid when maritime nations generally began to recognize the wisdom of well 


- water-borne commerce was the medium for the movement and exchange of | 
i products between the various states a and with foreign countries. The promo- 4 
A tion of that commerce was the prime reason for the p passage of a resolution by 4 
_ Congress, in 1807, directing the President of the United States to order a survey pe ug 
a of the coast and the outlying islands and fishing banks. President Thomas ae . ; 

Jefferson asked the advice of the American Philosophical Society, the foremost — ‘a E. 

Le scientific body of the day, as to how the survey should be undertaken. AR - 
though the task assigned was a practical one, he intended that the survey — sae 
should follow —— principles that would stand the test of time. ae 


Bert: Norr.—Published in March, 1951, as Proceedings-Separate No. 68. Positions and titles given are those | 
in effect when the paper or discussion was received for publication. 


; Ba Rear Admiral (Retired); end Director, U. 8. Coast and Geodetic Survey, W Washingto: 
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= 
and he was named the first director of the survey operations. As a scientist, » a 
and as one of the originators of the Geodetic Survey of Switzerland, Mr. Hassler 
knew: the importance of building on a permanent scientific foundation, no 
_ matter how urgent the need for quick results. It is to his lasting credit that he a a 
_ did not allow himself to be stampeded into haphazard decisions. Had he a 
~ planned to meet only the limited needs of his ' time, his work would have had to 7 6 
be done over at great expense in later years. From the very beginning, Mr. | - 
Hassler insisted that the surveys Of | harbors and coastal areas of the United = 
States should be controlled by a ‘backbone of geodetic measurements. His 
te work had the foundation of accuracy adequate to satisfy future needs. — ie 
As the United States grew, the work of the Coast and Geodetic ‘Survey was _ 
. extended to the Pacific and Gulf coasts. In 1871, Congress authorized a a re 


geodetic connection to be made between the Atlantic and Pacific coasts, and 
charged the Coast Survey with the duty of providing the states with geographic 
- positions and bench marks for the control of their topographic and geologic 
mapping. © Since that time, it has been actively engaged in extending triangu- 
_ lation and precise levels in the interior of the United States for the purpose of 


establishing a federal framework on which all land surveys and i engineering 


“projects could bebased- 
Geodetic control surveys are necessary in connection with develop- 
ment programs so that the various aspects of topography may be correctly 
mapped and adequate studies of physical characteristics may be made in 
., relation to the area as a whole. ah Without such control, gaps or overlaps occur | ar 
= between contiguous local surveys, and errors of considerable ‘Magnitude may tt 
gu 
_-In the national mapping program, close cooperation exists between the 4 ive 
4 4 Coast and Geodetic Survey and the Geological Surv ey - of the United States oo 


—-" framework of hettvontal and vertical control for the United States is 


we 3 planned to correlate with a ‘comprehensive program, and priority , is given 1 when 
needed to areas where topographic surveys are proposed. | 
: ORIZONTAL CONTROL 
-. _ To span the continent from coast to coast and from north to south, widely | 


~ 


spaced arcs of triangulation were first established—giving a preliminary frame- 4 
_ work . Intermediate arcs, spaced from 40 miles to 60 miles apart, provided - 
_ control for boundary determinations and met the general needs of the various ~ 
_ states. The next logical step p has been followed, in the decade from 1940 "= 
1950, by filling in between arcs with area triangulation, which has been adopted © 
tor obtain uniform coverage in the area and to secure consistency in the results. 4 
: ~ Positions determined by such area triangulation are located accurately with : 


aj * reference to points in all directions, and consequently they tie into the previous- 

= ly observed arcs. The observations of area triangulation are | given a final 
_ simultaneous adjustment within each 40-mile to 60-mile square. _ ne ae 

insure re adequate agreement ; among the component of the 
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average triangle closure must not e exceed 1 sec; and the final Hength, when carried 
Min - throughout the chain of triangles from one measured base to another, must = 
agrees on an average of about 1 partin 75,000. 
_ At least one triangulation station is being established i in each 7}-min topo- 
¢ quadrangle. Stations at 4-mile intervals are being provided along the 
main highways in agricultural areas and closer spacing is used in a q 
areas. To coordinate local urban surveys, at least one federal base is measured 4 
in metropolitan areas of 100,000 population ormore. > 
July, 1949, there were. more than 110,000 miles of arcs of Gretorder 
a triangulation 2 and second-order triangulation in the United States, with ) monu- 

~ mented stations established at an average of about 10 miles along ‘the v various — 

- ares. 4; Geographic positions (that is, latitude, longitude, and azimuth) ere 


prominent objects, as water. tanks, church spires, , cupolas, chimneys, 
ete. To facilitate the use of the national network a near-by azimuth mark is ; Die 
established at each monumented station to furnish the local engineer and sur- 
_-yeyor with directional control for local surveys without the necessity of 


Another phase of geodetic ¢ operations is: is the precise | leveling for the determi- _ 

nation of elevations of bench marks above mean sea level. In thedistributionof _ 
Bh the vertical control of the United States, the Coast and Geodetic Survey 3 ae 
_ followed a program starting with ‘widely ‘spaced Ii lines 100 miles 3s apart, supple- = j 
mented by lines spaced 50 miles apart. a The present program provides for 

area leveling in which lines spaced not more than 6 miles apart are connected to zi, 5 


the wider spaced lines in a consistent network of levels. Bench marks are set woe 
at 1-mile intervals along each line. For convenience in running and in the 
pig ators use of the bench marks, the lines of leveling follow the routes of <i 
highways and railroad systems. In In July, 1949, there ‘were more than 360,000 
miles of first-order leveling and ‘second-order leveling i in the United States,and 
_ During the past several years geodetic control has been ¢ established i in some — 
of the larger river basins and valleys—the most prominent \ of which are the 
Columbia River Basin and the Missouri River Valley—in anticipation of 
multiple water-use projects to be undertaken i in these areas, namely, reclama- 7 
tion, navigation, and flood control. These projects ‘must. consider a Tiver 
ie 7 "system as an integrated whole and require planning on an extensive area basis. 
Comprehensive horizontal and vertical cc control ‘surveys: should precede t the 
he planning stage to coordinate detailed maps : of the river basins, dam sites, and ye ty, 


i. reservoir locations. Local surveys based on geodetic control enable conclusive a = 


ee studies to be made of alternate sites with a view to selecting the most economical x. 


| a and efficient ones. In the final work, local construction surveys will be based — 
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Close contact is with ith federal, state, county, and municipal 


vise se that use control s surveys. An effort is made to plan field work to” 
so their most urgent needs. At the present time the demand is three times — 
that which can be provided with the funds available. Under such conditions, © 
only projects of the highest priority can be undertaken. in This is by no means a 
satisfactory arrangement from the standpoint of the agencies whose programs 


ae a formidable tasks that face the Survey engineers. In isolated regions, fre-_ 
~ quently w with temperatures below zero, many difficult problems are encountered, — 
<< not the least of which is the problem of logistics. Careful advance planning is — 


- required to insure that necessary supplies and replacements are on hand when ~ 


“ Alaska is now tied to the continental United States by continuous arcs of 
triangulation that extend from Puget Sound through southeast Alaska and 
along the Alaska Highway through Canada and Alaska to Cape F Prince of Wales 
[= and the Little Diomede Island in Bering Strait. : here is an extenisve spur 
along the Alaskan Peninsula, which continues through the Aleutian Islands to F 
Adak, Kiska, and Attu. att vitibupy Ki 
‘Triangulation surveys are now in progress in western Alaska and along the 
Arctic coast. At about 5-mile intervals along this northern coast, stations 
between first-order sepia and second-order accuracy will be established. 
vations and 
7 positions are e being detentiinga for the numerous us peaks i in the oer moun- 
tain ranges of northern ‘Alaska. _ In the summer of 1949, four parties were 
- engaged on these surveys. ‘Transportation for these parties was furnished by Rs 


wheel and float planes, helicopters, amphibious tractors, and various igen of 

ultimate goal of the geodetic work in Alaska, apart from 

control for the survey of the water areas, is the establishment of the network in _ 

the interior. Only when this 1 network is complete will it be possible to pine 

large-scale Mapping : and to. explore fully the commercial, industrial, and 


Int the Hawaiian Islands, th the Coast and Geodetic ‘Survey and the Territorial 


‘Survey Office are ‘cooperating ona geodetic project of significance—the 1 recon 
re stitution and extension of horizontal control. The program contemplates the 4 
pe. of marks and monuments destroyed or uprooted | during World 


7107 


War II in the haste of large-scale defensive preparation. — i The new work will 
provide a more comprehensive scheme with closer spacing of monuments for use. 


OFFICE. ADJUSTMENTS OF GEODETIC Contro 
‘Field surveys are but one phase 0 of national geodesy. If the instruments: 
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personal if exact pointings and were 
- there would be no discrepancies in the triangulation or the leveling observations. 
‘The surveys would have no errors of closure, the triangulation lengths and 
directions would agree whenever they met, , and the level lines would check be- is: 
_ Of course, these conditions do not exist. Small discrepancies develop which | 
by themselves may be tolerated, but which in the aggregate must b be eliminated a 
by mathematical treatment so that all parts of the triangulation and leveling — ia? 
are i in harmony. About seventy mathematicians in the Washington (D. C.) ey 
and New York (N. Y.) offices are engaged i in making t these computations an and a 
adjustments, some of which require e the solution of as many as three hundred Ys 
.° To meet the impact of modern requirements on this work, together with th the 
complexities that result from the expanded geodetic program, a study of punch- 
ie card methods of computation was made. After developing particular techni- 
ques for processing the field data, some high-speed calculating machines were 
installed. After a 2-year trial, these were found to particularly 


Final results of the observations of the traverse 


et the Coast and Geodetic Survey are computed on two different systems of ae ares % 


— 


terms of latitudes and longitudes. Such cooridnates have the , advantage that 
; they constitute a universal system, and any point on the earth is directly rel related F 

For: surveys of limited extent, the system of “State Plane 
devised by the Survey, has a distinct advantage in that it gives a method of bs 
connecting local surveys to the national netw ork of control by' the usual methods 

plane surveying, with which all « engineers and suveyors are familiar. 
encourage wider use of the national network and to facilitate procurement 


ae of information, two series of state maps are published, one for triangulation data 

: and the other lor levi eling data. an The scales are large enough (about 1:650,000) Le 

_ to show graphically each station in the existing scheme of first-order triangula- 

- tion and traverse and of second-order triangulation and traverse and to indicate 
the: locations of supplemental and intersectional triangulation stations. | All 


oF ENGINEERS % 


_ of triangulation monuments and bench marks that have been _ established one 
_ throughout the United States . These. survey monuments, which are usually ¥ a “ 


surveys. are re useful only ir in so > far as they can be recovered. For the 


iF bronze disks, set in concrete or bedrock, are the visible results| of the field a 
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who find their descriptions need a by 
Ps, “notifying ‘the Coast and Geodetic Survey of present conditions, revising vied 


co construction and improvements (particularly on highways), which 
sometimes mean disturbance of survey monuments, also contribute to this 
_ problem. _ Notification should be made by the local engineer as soon as it be- 
_ comes known that a survey mark must be moved, or will be destroyed, when . 
3 construction actually gets under way. ‘most cases, a replacement station 


= 


warded on the methods t fallowed i in order that the requisite accuracy may” 


It is in the best public to have all : surv ey matter 
a | -—tied in with the national network of geodetic control. The extent to which | 
ideal is reached will depend largely on the availability 0 of control points, and 
= n their use. . Triangulation stations and bench marks must be brought within 
the reach of the local surveyor and engineer. — 
ag Although substantial progress has been made in providing basic eistedd data 4 
. sf for the United States, the job is far ree complete. Accurate control surveys 


| 


will be able to abreast of the expanding engineering requirements of 
Je Gee 
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SCHMIDT ON ON "NATIONAL 
BENJAMIN EvERETT Beavin,? M. ASCE.—In his paper, the author 
_ been very generous in his praise of the first director of the survey, Ferdinand und 
‘Hassler. — Having had the opportunity to retrace some of the earliest first-order = 
triangulation, the writer can subscribe heartily to those sentiments. However, - 
the succeeding directors, among whom the author looms large should not be ; 
forgotten because of the steady, devoted manner in which they w upheld - as an 
original standards of accuracy, improving upon them as scientific progress — ao. > 
The horizontal and vertical control surveys of the United States have all 
an “always been insufficient to fill national needs, not because of shortcomings -'. 
“the United States Coast and Geodetic Survey (USCGS) but because of the ae 
lack of appropriations ons adequate to perform the work and to replace the stations 
many localities engineers and surveyors have not taken full 
of the control available. If appropriations are to become 
primary impetus must come from a sustained demand for such information _ 
from those who use it 1 to best advantage, 
Mitton A. M. Severe e abbreviation character- 
izes this otherwise useful presentation of the progress of geodetic surveying 4 ee 
§ in the United States and its possessions. What, then, can one discuss about _ 
a a simple informative circular scarcely six pages in length, that provides an ma 
oe emasculated resumé of the activities of the Division of Geodesy « of the —— 7 
and requests the indulgence of civil engineers in order that federal survey. 
- monuments be preserved? Some civil engineers do not know the meaning of 
-geodesy, n nor will their interest be engaged to learn something about it in the | 
space of this article. Some engineers are not aware of the difference between a 
_ the USCGS and the United States Geological Survey and are unable to dis- “ 7 
4 -tinguish between their su survey markers. ought to be quite ‘disturbing 
both agencies. The term “national geodesy” connotes to the reader the 
1 problems attending the | study and choice of a spheroid of reference for the ee | 
8 geodetic surveys. Many engineers, like devotees of the late W ilbur 
a _—-- are hardly cognizant of the complexity of the earth’s true shape ia 
and its impact upon national and international cartographic projects. 
a The author has not provided an 1 adequate | picture of existing basic control Se 
data; and estimates regarding the time, funds, and personnel needed to complete — 
the job are completely lacking. _ Mention could have been made of the oppor- 
tunities for graduate civil engineers in the field service of the USCGS and a 
- of such topics as studies on the longevity and stability of bench marks, as- 
_tronomic position programs, innovations in instrumental 
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equipment, the several sea level datums since the time of | of ay first tidal 

tions, the conditions under which traverse is favored for first- -order 
_ control, and the relative amounts of traverse and triangulation and of first- ae 


a and second-order work of both types executed by the Survey. ia ae 


‘Pal The intrinsic advantages. of a uniform horizontal datum could have been 
enunciated again, for they still are not well understood by some engineers xg 
associated with large areal and extensive route surveys. — Increasing density — 
of horizontal control will favor greater use of state-wide plane coordinates and “| 
aid in securing better appreciation of the many thousands of survey markers 
placed by the federal surveying and mapping agencies. 
oe AY paper attempting to treat this topic within the restrictions of a few pages _ 
- must deal with generalities and be trimmed of the meat and muscle that mee 
fori inspiring study by the interested Heaters bax ofT 
at the inception rigid criteria to insure qurvey procedure. "The 


Couserr, RT, ‘M. ASCE —The scientific foundation on which 
principles by Mr. have been follow ed throughout the 


a thousandth of a in latitude and longitude. Mr. Beavis was successful 
in recovering the subsurface mark for Kent Island North Base, originally ons et 
tablished in 1841, after all surface indications of the mark had disappeared. . ri 
_ This was accomplished by establishing a temporary survey point in the general a a 
- area of the original survey station and by determining the state plane coordi- : lg 

nates of the temporary point by tray erse from near-by control stations. The 
distance and direction from the temporary point to the original station was 
_ then computed and used in general measurements to recover the early survey 

point. These methods have been used quite frequently to recover early survey 
reported to have’ been lost. The invariability of the 


280% au alt 


not within the e seope of paper could be handled more by 


«Rear Admiral (R etired); formerly Director, U. S. Coast and Geodetic Survey, Washington, D. C. i 
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time in the future by methods similar to those mentioned is a convincin 

argument for the utility of control surveys. Lin 

Sehmidt mentions the brevity of the paper. The purpose of this paper 

was to give a general statement that would be informative and interesting to 

civil engineers in the hope that they would realize the advantages in relating 
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"ACCEPTABLE STANDARDS NATURAL 
Mig 


WATERS USED FOR BATHING 


in thei health aspects of bathing water quality 
has led to a study of standards suitable for the control of these waters. Quan- 


* titative bacteriological standards are difficult to apply without supplementary 


Methods. of evaluating pollution have not been developed sufficiently. to. 
‘a permit a assuming absolute standards. ni ‘The connection between pollution of 
r bathing waters and illness of people using these waters has not been thoroughly — f 
Examples of codes based on quantitative are given as well: 


‘suggestions as to the proper application of these codes. 

Increasing interest it in aquatic sports is leading to the construction 1 
| large number of swimming pools and to the development ‘of many natural see 
nae bathing beaches. At the same time the currently active pollution abatement es. 


programs are focusing attention on the prevention of stream pollution in 


- a order to protect sources of water supply, shellfish growing areas, and ‘natural 
aes bathing facilities as well as other natural water resources. These marge om A 
in turn have drawn attention to quality standards for natural waters ~ It is 
pertinent, ‘therefore, to appraise the advantages: and of 


Ay 


eo _ There is considerable confusion regarding quantitative standards, govern- 
mental requirements, codes, and objectives; and this confusion extends to the — 


in June, 1951, as Proceedings-Separate No. 74. and titles are those 
effect when the paper was received for publication. 
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a clear-cut distinction | between governmental requirements anil profes- 


‘sional standards, procedures, or specifications. According to Mr. Whipple, 


- governmental requirements must represent the reasonable exercise of police as 
6 power in a way that will be supported by court decisions as representing the ee . 
_ necessary and legitimate use of such power to prevent i injury. _ By contrast, — ag 
on professional standards, procedures, or specifications : are established by agree- $a 
: ment among professional groups or societies. If established by governmental - 


agencies, , these s standards should | represent guides to performance rather than 
4 ae rigid requirements s established by law or by official codes. _ Therefore, pr profess 
= prone standards or specifications may be higher or more rigid than cover . 


This distinction made by Mr. Whipple may be illustrated by reference to fk 
ca standards for the quality of potable waters because of their | similarity to 
standards for bathing waters. _ The Drinking Water Standards of the United 


States Public Health Service (USPHS) apply. specifically to potable 4 


flexibility, as contrasted to those parts of the standards applying to certain i x 
: 4 yee toxic substances held to affect the intrinsic quality of potable waters. 4 The 
are applied through the administrative review of all factors surround- 
a given water supply, including the reliability of operation and other 3 
intangible factors. By contrast, those operating water treatment plants have 
accepted the total absence of coliform organisms in all portions of the treated — 
water examined as a professional guide or criterion to the quality of a plant | re. - 
- effluent . Any surviving organisms: s are held to to be specific indicators of ineffec- ae b 


tive even though their presence » does not presuppose that the water 


is inherently unsafe for potable purposes. Therefore, in one instance the as 
; te governmental requirements apply t to the intangible “safety” ¢ of a potable water a. Bh 
By supply, v whereas in the other instance e rigid professional standards « are used as as a 


guide to to ‘Measure | treatment plant performance. 


"Bacteriological Data.— —The characteristics and significance of bacteriological 
ite data available to those supervising bathing beaches should be considered as ae 

aspects of any quantitative standards. Such data do not disclose 

ae the presence or absence of pathogenic organisms, and hence they are not 4 ‘ 


4 measure of any intrinsic health r menace to those using the waters for bathing 

measure of ‘bacterial pollution of a miscellaneous nature, which 
6 on must be appraised through the exercise of technical and administrative judg- sa 


ment. In fact, ‘such bacteriological data do not distinguish between sewage 
Reguirements and Professional Standards,” by George C. Journal, 


— 
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drainage from cultivated fields and other such sources. 
= ‘These data are influenced also by the sampling error inherent in appraising — 
s any large volume of water by the examination of a very small portion repre- 
i % sented by any one sample or even by a series 3 of such samples. | _ Furthermore, at 
the samples represent conditions ‘existing only at the time of collection, a: 
may not apply specifically to conditions prevailing during other bathing periods. — 
Although the results of the examination of a series of i samples are statistically 
more significant than those for a single sample, some one one single ‘sample : may | be - 
Ee much more significant in indicating a serious degree of pollution that might 
_ prevail at some ae one time, and that might be of greater over-all public health 4 
significance than averages, , medians, or some | other statistical grouping of a : oe 3 
series of results. Finally, fluctuations in the degree and extent of bacterial — 
_ pollution are of basic significance, and yet it does not seem to be possible to to = 
establish any | statistical limits for such fluctuations. 
a Bacteriologists have attempted to improve this situation by the develop- 
ment 0 of appropriate identifying tests for the fecal group of coliform organisms . ce. 
which theoretically would be more specific for sewage pollution. also: 
have considered the use of a test for sewage streptococci which appeartosurvive _ sey 
in polluted waters for shorter periods than coliform organisms and therefore a 
disclose more recent sewage pollution. Without discussing the bac- 
he <a teriological aspects of this subject, it is sufficient to note that these investigations a ‘ 
have not developed any tests for the degree of bacterial pollution of bathing © a 
more specific or of greater public | than the standard ‘4 
plate count and test for coliform organisms. Bat 


waters used for bathing cannot be placed on a precise quantitative basis and 


Accordingly, it may be concluded that standards for natural 
assumed to disclose the intrinsic of or to indicate certain 


= part of the information pertaining to any bathing 


‘significance’ af. the pollution of bathing waters. “Charles: 


Edward A. Winslow‘ has reported on conditions prevailing at beaches i in New — 
7 Haven, Conn., as of 1926-1927, and he has presented bacteriological data indi- 
cating the degree of pollution of these beaches which, according to val 


In general, ‘in degree of pollution of the New Haven bathing w waters 
. _ that time varied from low concentration of coliform organisms to 27 00 
~ coliforms per 100 ml of water, with concentrations of 1,000 per 100 ml to: about Tea! 5 
00 ml predominating. These data definitely Giecloned the | need for 
_ n spite of the lack of precise Siesta: there is general agreement among 
- sanitary engineers that natural bathing waters must be appraised as possible ee 


a as Bacterial Pollution | of Bathing Beach Waters in 1 New Haven H Harbor,” b3 by C-E. re Winslow and 
Journal of Tygiene, Vol. 8, No. 3, p. 299. 


— 
— 


vectors intestinal diseases incidental te’ sewage pollution of 
that may swallowed by the bathers. Swimming pools, 4 
contrast, may serve as possible vectors of infections of the skin and mucous 
membrane—that is, for the spread of infection from bather to bather. 
ae _ The absence of f subsequent epidemiological evidence—such as that gathered 
“8 by Mr. Winslow relating the morbidity of bathers using specific beaches oi : 
the degree of bacterial pollution of the beach waters—has led to a tri-state 
a © survey | of Lake Michigan waters by the USPHS and the Boards of Health of ' 
‘ 1 isconsin, Illinois, Indiana, : and the ¢ city of Chicago, Tl. A preliminary report 
on sanitary surveys and examination of samples of water has been prepared — 
1 q by the USPHS,' and an unpublished report of the epidemiological studies was 
Be presented at the 1949 conference of the American Public Health Association 7 
_ (APHA) by A. H. Stevenson, A. M. ASCE, and T. D. Woolsey. " ‘Unfortunately 
- for the purposes of the tri-state study, the degree of bacterial pollution of the 3 
beaches studied was quite ‘moderate, and there appears to be no cevi- 
dence of infections associated with the use of these beaches. Studies of beaches 
: on | the Ohio River testify that the degree of bacterial pollution i is considerably 
a= di ‘Sanitary Survey. —It is evident from foregoing considerations that a given a 
; e oe bathing beach must be appraised in the light of all available information, 
including any epidemiological evidence, analytical data, ‘and more especially ve 
5 the result of properly organized sanitary surveys of the beach and surrounding At 
waters. Such surveys should be designed to disclose the location, magnitude, 


ee bathing beach. Consideration should be given to the location of sewer outlets, 
a the: volume of tributary sewage, the dilution factors, the influence « of tidal 
mi’ + : Bev and meteorological conditions, the effects of rainfall and the resulting a 
_ discharge of surface drainage into the bathing waters, and the effects of the 7. 
themselves on ‘the degree of bacterial pollution, 
‘ Unless such thorough sanitary surveys are made, it will be impossible, 
for instance, for the administrator to distinguish between pollution by coliform a7 
organisms incidental to surface drainage from cultivated areas | and more = 
a = sewage pollution, or to distinguish between residual sélation from 
some distant sewer outlet and the same ‘Tesulting degree of pollution by a 
ir but near-by § sewer outlet, which may be intrinsically more important. — 
_ Obviously, the sanitary survey must be made at the time the samples a 
that the analytical data may be properly « correlated with 
observations. Tt should be emphasized | again, however, ‘that no sta- 
ade tistical grouping ¢ of the results of the examination of a series of samples collected = 
- points and at different periods | of time will” permit the accurate 
correlation of the analytical data and specific observations made at some a 
point at a bathing beach. Conversely, the results of the examination of i 
single sample collected at a given point can have only limited significance apply- 


* ike of factors that govern the passage ‘of such pollution toward a given a. 


§“Tri-State Survey of Lake Michigan Waters,” Fretiminary Report, U.S. Public Health Service, 
Environmental Health Center, Washington, D. ies 


&§ ing. to the time and place of sampling. It should be emphasized Be > 
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“WATER USED FOR BATHING 
“that the analytical data must be considered as a part of the a available iiaia 

a tion disclosed by the sanitary survey, to be subject to administrative nl —— 

technical scrutiny, and that these data have no intrinsic or precise significance. 

a The exercise of administrative judgment, therefore, : cannot be replaced by the a 

q mere checking of quantitative analytical data against rigid values used as By ee 

there have been repeated attempts to develop 

a quantitative standards for the permissible degree of bacterial pollution of * aes 

bathing waters. ‘These efforts may have a sound basis when applied to 

artificial swimming pools: where water treatment is practiced and where the 

permissible degree of remaining bacterial pollution is a measure of the effec- : a" 

4 hb iangh of the treatment process rather than a measure of safe or unsafe pool : 

waters. In the past certain standards for beaches, adopted from swim- 
“ming pool practice, have been found so rigid as to be unworkable. — Public xv 

health administrators, therefore, have t been faced with the necessity of ‘apprais- 
ing bathing waters in the light of current practice, where large ‘num mbers of 

' - bathers are known to be utilizing beaches which are subject to appreciable — 

- bacterial pollution without any known effect on their health. ‘It is not surpris- 
ing, , therefore, that the APHA Joint Committee on Bathing Places (hereinafter ‘ 
referred to as “the Committee”) and the Conference of State Sanitary Engi- 

4 — have concluded that it is not considered practicable or desirable to Tecom-— 4 

mend any absolute standard of safety for the waters of outdoor bathing places 7 
on any of the technical or bacteriological bases reviewed in the 1 1948 Teport of i“ 
the Committee. ite The Committee also concluded that the arbitrary wholesale pt 
- condemnation of bathing beaches representing large capital investments is 
unwarranted without definite epidemiological evidence. fitted 

“ol The pertinent question is whether, in the face of this situation, uniformity — 

“of practice can be encouraged by the development of guiding principles which 

are sufficiently flexible to permit the exercise of administrative judgment but, ; 
at the same time, are sufficiently definite to serve as useful guides. ts . 

a In this connection attention is drawn to a resolution as to the Siguieance 


: of the coliform index as a measure of the pollution of bathing waters issued s 


Control Commission* and tentatively adopted at that time by these two 
4 boards was based on the so-called Phelps" Index or “Indicated Number”? 
: rather than the “most probable number. a _ This index is is based on the number 
B. Coli present in 100 ce sample. (o) 
_ It was resolved that in determinations of the actual extent and intensity | of 
sewage pollution of the Great Lakes and tributary waters to be used in passing — 
on the fitness of areas for recreational bathing purposes, the following inter-— 
, ‘i pretation of the significance of the B. Coli index should be tentatively adopted 
asa guide in connection with interstate problems: = 


Coastline Pollution Surveys of Michigan, June, 1933,” unpublished report of 
Control Commission. 


“Standard Methods for the Examination of and Sewage,” Am. Am. Public Healt Health Assn., New 
York, N.Y., 9th Ed., 1946, 205. 
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>) 
ow to 100 rt Indicative of good water; normal for inland lakes and the . 
Avis Great Lakes; free of sewage pollution. 
100 to 500 Normal for inland streams; free of detrimental sewage pollu- 
[ tion; might | be attributed to land wash. + 
000 Suspicious; generally indicates mild pollution in natural 
waters but dangerous in proximity to fresh sewage pollution, _ 
10, 000 Definite evidence of fresh sewage pollution; menace to health. 


of of available information on the subject of guides 


~ fi Pre that sanitary codes applying to swimming pools and bathing beaches — 
seldom contain any binding requirements as to the coliform density i in bathing 
t.3 beach waters. There is a very definite trend, however, throughout the United 
States to adopt a median index of 2,400 coliform per 100 ml of water as 
an administrative guide. This policy has been followed in ‘Ne ew State 
where the Sanitary Code stipulates® rather detailed requirements concerning 
the operation of artificial swimming pools, including the allowable degree 
coliform density in chlorinated pool waters. The state code gives the 
_ a local health officer and the State Commissioner of Health general adminis- 
4 trative power to close a public bathing beach if, in their opinion, the use of ~ 
beach would menace the health of the bathers. No quantitative require-- 
P “4 ments are embodied in the code, however. . In view of the fact that many : 
_ very important bathing beaches in the metropolitan : area of New York _ 
come under the jurisdiction of a number of separate health departments, 7 
_ it has been found advisable to develop a joint policy as to the sdumaeiies 3 
~ classification of bathing beach waters in this area. - This agreement has been 
- pensar to by all but one health department concerned . Briefly, this policy © 
ih: ‘is predicated on the basic importance of the sanitary survey of each beach, 
supplemented by the interpretation of the e analytical data in the light of such 
, survey. Beaches are classified in the joint policy agreement as “approved” 
(Class A) and “disapproved” (Class s B), with distinctions as follows: ad oh 


oat 


An average content of of 2400 per 
100 ml of water for any given series of ten or more samples from a beach. — ee 
_ Criteria (a) and (b) may sometimes justify the use of the lower average 

of 240 per 100 ml of water in criterion (c) for any given series of ten or more ~ 


Class B. ed beach waters are identified by: 


> 
Epidemiological evidence and experience which disclose the prevalence 


of infectious diseases incidental to the use of a bathing beach under considera- _ e 


1! _  §“Sanitary Code of New York State,” New York State Dept. of Health, Albany, N.Y., Chapter vI 
Regulation 12. 
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A sanitary survey that discloses sewage material on a beach or in 


.< _ (c) An average content of coliform organisms in excess of 2,400 per 100 ml 


3 of wa water f for any given se series ries of ten or more ; samples. les, peas Gc" Palla? 7 


: Asin in 1 the case of Class A A criteria (a) and © may | sometimes justify the — ys 
“use of the average content of coliform organisms in excess of 240 per 100 ml 


; of water for any given series of ten or more oe from a beach. Ay 4 


In any case, administrative judgment must be in the periodic 

_ review of sanitary conditions prevailing at each bathing area and reclassi- — 

fication should be practiced when necessary, leading to the revocation of a 

permit for the operation of an unsafe bathing beach or to the issuance of Pitts 

public notice that certain beach waters are unsafe for bathing.” 


a wii ‘The New York State Water Pollution Control Board | (hereinafter ‘referred 
to as “the Board”) has developed basic principles for the classification of 
natural waters including bathing beaches. Their problem was not to appraise 


an individual beach but rather to dev elop guiding principles for the required — , 


— degree of treatment of sewage or industrial wastes to protect natural wales, 
bathing waters. The effects of currents and meteorological 
_ cannot be anticipated in a precise manner. Therefore, the degree of sewage of 
waste treatment could not be selected so that they just met any given = 
titative guide for the degree of pollution of the receiving water that may | reach 


: . oe beaches. The classification of natural waters by the Board, therefore, 

was: on studies of or body of — 

¥ «dt is that knowledge and ‘technical procedures have not been 

developed ‘sufficiently to permit the development of precise quantitative 
_ values to measure the intrinsic quality of bathing waters, and, therefore, it 
2 is not possible to select a definite value that would distinguish between bathing © 

_ beaches which are safe and d those whi which are unsafe. _ Under these circumstances, eo 

precise bacteriological s standards cannot be developed, and all available infor-— 

mation must be considered in the light of properly organized and properly | 

conducted sanitary surveys of each beach. . These surveys would include the 


results of the bacteriological examination of samples of water. Under these 


a circumstances general administrative guides may be fruitful in encouraging — 
4 _ uniformity of practice a as s long a as 8 the guides a are re properly utilized without pra 


of selected beaches on the Ohio River and of the morbidity among the or ld + 
utilizing these beaches will furnish information needed for a more definite — =" 
‘ delineation | of these problems, and also that more precise analytical methods L 
may be deve to disclose the bacterial of waters in a more 
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DESIGN OF IRRIGATION SYSTEMS 


BY H. NALDER, 1 M. “ASCE 
Discussion By Messrs. AHMED SHuKRY, AND W. H. Naver. 
An account of and design considerations the 
development of irrigation features of multiple-purpose projects of the Bureau — i 
of. Reclamation (USBR), United States Department of the Interior is pre- 
sented in this paper. Reviewed are the major factors ‘affecting irrigation 
_ development and their attendant engineering implications, the elements of an - 
_ irrigation system, and the influence of economics on design. — Also the principal 
of three reclamation multiple-purpose projects are discussed. The 
me ‘paper concludes with a brief discussion of irrigation’s future importance in the — 
- omens social and economic aspects of water and land resource development, Ss 


This gabiest i is SO broad and so indefinite i in its limits as to include almost a 
any irrigation system, froma simple structure diverting water from a stream into 
o a canal and laterals (to provide irrigation of low-lying land along the stream) to _ 
= a group of structures for river control and for utilization of the water resources _ 
of an entire1 river rsystem. There is very little need to describe a a simple irrigation 
= project. Although such a widespread integrated system as the Missouri River _ 
Basin Project. contains many individual units that are in themselves 
‘i complete, simple projects, ‘most of the uncomplicated locations are utilized and 
_ the cheap developments have been constructed. In many places, water roo 
‘. have been established and water demands exist that already exceed the — 
available water supply. The irrigation engineer, therefore, ‘must seek new 
a: wb sources of water such as the storage and the utilization of flood flows, the diver. a 
i a e from sources of lower demand, and the re-use of water from return flows. re a 


Pe “ha Before he can apply his talenite to the « ts of the works that comprise the 
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wide variety OI demands for water or for Its control. ven alter agreementis 
+3 ‘ Nore.—Published in February, 1951, as Proceedings-Separate No. 57. Positions and titles given are 
those in effect when the paper or discussion ( 


IRRIGATION SYSTEMS 


af 
- sessed vabesinia various interests as ite the diversion of the water, the manner in. 


_ which the requirements are to be satisfied (in a structure which serves several 


3 purposes, or in multiple structures or units of a project operated ¢ according to a Be es 


operation, and administration of the system. = 
sd By its very nature, irrigation development is is destined to become more com- Pa ee Be 
as it progresses of an area fosters the 


"increases, which te requires food, ‘and domesti water: ‘power, por transportation 
facilities; demands for protection against floods and for conservation of resources eam *@ 
develop; the people seek recreational facilities; and manifold influences are 1% a 
exerted on economic and political activities. All these factors are related to, Bon - Age " 
2 and either are reconciled with, or are in conflict with, each other by the common si \ a re 
denominator, the available water supply. The interrelated development neces- 
sarily depends for ‘sustenance on the irrigation that gave birth to or nurtured Psi 
7 the development and its demands f * water cannot exceed the supply if it is 
ACTORS IRRIGATION DEVELOPMENT 
«jol A few factors affecting irrigation development, and their engineering 
implications and effect on irrigation design, greatly simplified, are: Power, flood 


“use of waiue that i in many instances conflicts with its use for irrigation. 
‘revenue, , however , is the saving factor of m many tmaultiple-purpose projects. 
a | This factor makes the project economically feasible and helps to repay the cost | ‘- J 
that could not be borne entirely by the direct fruits of irrigation. In this way, ee 
a4 power st supports irrigation, which | directly or indirectly sustains the demand ieee 
‘power. The two supporting factors may thus become the base of the 
: be Flood Control. —Encroachment on flood plains by agriculture, cities, indus- eee: 
- tries, and service facilities such as wiilities, roads, and railroads creates demand ES 
protection against floods which requires" storage of flood flows beyond 
channel capacity. Releases for flood-control | purposes usually are not coinci- 
x dent with the demands of irrigation. The flood-control benefits of a project can a 
Bn evaluated, and (since it is usual for the cost of flood control on reclamation — 
projects to be borne by appropriation from nonreimbursable funds) charges _ 
allocated to irrigation Gevelopment may thereby be reduced and th the fi feasibility 
Navigation.—In a section of a river system where irrigation end: consumptive 
_ use of water are involved jointly with | navigation, the maintenance of a fixed- eS 
Bono channel for navigation imposes demands for the release of water that 7 
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- of dome since the cost of providing navigation facilities over a high dam would 
Industrial and Domestic _Demand.— —Domestic use of water usually takes 
a ; precedence over all other uses. W atee ‘supply for communities served by i irri- 
= _ gation is not generally so great as to constitute a serious depletion of the water 


Ss <* available for irrigation, although certain industrial uses threaten (by demand | 


a for large quantities of water or by contamination of the water) to curtail | a 
irrigation development. . For example, further transmountain diversion of 
ee ho Colorado River water for use in irrigating the eastern slope is opposed by ¢ certain i 
w estern slope users who anticipate foment for large for 


areas which in pane present demands for the maintenance of a level of water or 
of a continuity of flow which is inimical to the most effective irrigation. There 
4 is a warranted and growing demand for the e development of these se recreational u 
facilities. In some instances, national park areas and primitive areas would be 
the logical sites for irrigation reservoirs or dams, but they usually cannot be 


ane Wildlife. —The drainage or flooding of that 


—Not the least of the factors affecting jevigntion 
—e are conflicting jurisdictional claims of districts, states, and nations ; 


a certain pu ‘purpose, in conflict with or to the exclusion of others, may ; also be 4 
dictated by legislative bodies or by courts; or the impetus of a ‘particular 
development | may be provided by political programs. 


* onidihy plan is evolved which is usually the best compromise that can be worked | 


out of the various factors and interests that are affected; and it passes througha | 


_ series of steps designed to bring the project to completion. The complexity of r 
_ obligation, and the involvement of the interests of the whole community in any 
_ extensive irrigation scheme have caused irrigation development to be considered - 
and generally accepted as a proper governmental function. The agency of the 
‘United States Government charged with this function is the USBR, and its 


the plan, the legislative authority required, the magnitude of the —— 
= 


: counterpart exists in nearly every nation where irrigation is an meres 


Although procedures vary considerably with: circumstances, irrigation 


- for a certain area comes to the attention of the USBR. Then advance studies - 
are made relating to its feasibility and to how best it can be fitted into a basin-— 
_ wide plan embracing other adjacent or r related areas and involving the best 


= 


development may include the following steps. Community interest in irrigation 


— 
— 
it 
f 
a 
‘ 
fish, the changing of flow characteristics of a stream, and the cultural develop- 
ment of an area which may be associated with irrigation development but which 
— affects the wildlife of a region—all may be stoutly resisted as being destructive _—‘| ‘ 
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IRRIGATION sYsrEMs 
use the available water — plan’ will be likely to 
storage reservoirs with incidental power flood control, and other 
a stadies are made—including location and investigation of reservoir and dam mE 
sites, road and railroad relocation, canal location, irrigable land surveys, and — 
preliminary | designs and estimates—and the project plan i is developed which , >. a 
coordinated with federal and state agencies where their interests are involved. Fee “oi 
Construction work i is programmed, construction contracts are let, and construc- 
is as ‘cireumstances warrant band as funds become available, 


plan of of ‘the plan, and features of of an 


: & “irrigation system may be indicated by presenting a detailed description of a 
7 particular project, emphasizing the irrigation features but presenting at the 


\ 
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incidental benefits. Choice of the project to be is dificult in itself 
because, usually, a a single project does not include all features that might be i 
q _ presented; or the project may be so complex that it is impossible to ennai ina oa 
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IRRIGATION SYSTEMS 


As an in the latter category, one Central 
Valley Project of California (Fig. 1). The initial plan of this project, well 
advanced in construction (1950), includes: Two “high” concrete dams—the 
_ Shasta Dam on the Sacramento River to provide the main source of water and 
+7 the Friant Dam on the San Joaquin River; irrigation of a large area in the upper 
San Joaquin River Basin; transfer of water from the Sacramento River tothe 
San Joaquin River to satisfy established claims for water below the 
ht irrigated regions; power development; flood control; salinity control of the 
delta region at the confluence of the two rivers; provision for the care of migra-_ 
rs tory fish; extensive relocation of railroad and highways; and a number of other 
features that could not be omitted from an adequate description of the project. FE 
ae This initial plan has been expanded to a plan for the complete > and compre- 9 
a hensive development « of the wa water resources of the Central V alley which con- _ 
‘ é templates the construction of numerous additional dams, ‘power plants, and ) 


; The most extensive compact irrigation project ; under construction by USBR> 
*] is the Columbia Basin Project in the State of Washington. Fig. 2 shows a be 
mM mile canal sy stem for carrying irrigation water to about one mi million acres—an 
area larger. than the State of Rhode Island. The first major feature of the 
project to be constructed was the Grand Coulee Dam on the Columbia River : 


4 containing more e than 10, 000, cu yd of concrete, the largest in the world i in 


=a The power Sineilioasnat at Grand Coulee Dam has already become the | 
‘wa orld’s largest capacity plant with eighteen of the largest generators in exist- 
in operation or under contract for purchase and installation. Each unit 
is rated at 108,000 kva, but the units installed have been operating at about 15% 3 
overload capacity. The power plant is divided into two sections, one on each — 


ser of the spillway. At inception of the project it was considered that the 


of the irrigation system, xf During and since | World War II, the industrial 
of the northwest has expanded at a much more rapid rate than the 
_ power supply, and the power demand has been so heavy that construction and ~ 
“installation of the generating equipment have not been able to keep pace with ns 
the | demand. This is an excellent example | of the incidental benefits of an 2 
\ enlion project becoming, for a while at least, the principal benefits. In this = 
_ instance power development will repay the major ¢ cost of the e project: 
When Grand Coulee Dam wa was constructed, prov ision was made at the left * 
abutment for the beginning of the canal system by building a gravity wing wall 4 
equipped with twelve, 13- ft by 20-ft hydraulically- operated gates to function as a 
an intake structure to serve twelve. pumps each capable ¢ of lifting 1,600 cu ft = 
_ per sec up the 270-ft to 365-ft difference in elevation between Lake Roosevelt .: 


and the canal to the Upper Coulee The 
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‘maximum demand can be supplied by ten pumps. Power to drive each set of 
a i. two motors is derived from one of the 108,000-kva generators of the Grand J 
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; Coulee Power Plant. Water is be during the hours of low power 

demand into the Grand Coulee Equalizing Reservoir w which serves ‘regulating: 

a 8 


torage for the irrigation system, from which water flows by gravity over most 


, gh a of the irrigated area. Six pumps are planned for initial installation, two of a 


bs ‘dl which are currently (1950) being installed for operation | by May, 1951. The 

remaining four units are to be i in operation by the spring g of 1952. 
; Cn el Emanating from the pumping plant, are twelve steel discharge pipes, 12 ft 

in diameter, threaded through twelve inclined rock tunnels, each 18 ft in 

4 diameter. These discharge pipes terminate ina siphon structure at the se * 
of the feeder canal. The feeder canal leading to the Upper Coulee Reservoir 4 

_ has a design capacity of 16,000 cu ft per sec. It is 1.6 miles long and open _ 

concrete lined except for 2,000 ft of double-barreled concrete conduit, 25 ft 7 

equalizing re reservoir utilizes Grand Coulee, which wa was the channel a 4 


of 1,200,000 acre-ft is formed by construction of an earth dam at each end of the ; q 
es 26-mile long coulee. The North Coulee Dam is rather small in comparison” - 
‘“ with its companion, the South Coulee ‘Dam, which is 2 miles long and 115 ft 


The headworks of the Main Canal are located at the South Coulee Dam, and 
— house a battery of six 12-ft by 18-ft radial gates to control the release of as 
much as 13,200 cu ft per sec of irrigation water. _ ‘The first leg of the Main 
- Canali is 11 miles long and has one 23. 25- ft diameter, 1,000-ft long xg ye and 


i teva construction. ‘ep After diverting water into the East High Line Canal, ‘the 
og it leg of the Main Canal will | terminate by « cascading water < over a 165-ft 
3 4 natural rock drop into Long Lake. . When completed, the 110-mile East High © 
+ Line Canal will have a maximum capacity of 3, 070 cu ft per sec to serve 


> gl Long Lake is increased in size by the construction of the 100-ft-high earth- 

a fill Long Lake Dam and will supply the lower leg of the Main Canal with 9 700 : 
oe cu ft per sec of water. An open type of headworks, containing three 25-ft = 2 id 


by 25-ft radial gates, services the Main Canal which is 6.6 mileslong. The lower 
‘leg of the Main Canal divides into two canals known as the East Low Canal a 

_ the West Canal, having capacities of 4,500 cu ft per sec and 5,100 cu ft per sec, 3 

= respectively. ‘The East Low Canal is the longest canal in 1 the system and will 
& __ traverse the entire length of the project for 137 miles to irrigate 252,000 acres. 4 


tunnel and numerous siphons will be required. 
West Canal is 78 miles long and will eventually 281,000 acres of 

land, with gravity and pump laterals. _ The most notable structure in the West _ ‘Ss 
ea will be the Soap Lake Siphon, a steel-lined, concrete pipe siphon, 2.5 _ 
= long and 25 ft i in diameter. Now under construction (1950) are 30 ales 


and a three-main-line railroad crossing. The West Canal divides into two __ 
- canals after passing through a tunnel, 9,150 ft long, under the Frenchman Hills. te a 
Potholes Reservoir will yocapture an anticipated 862,000  acre-ft of return 4 
flow from the above the reservoir. by water 
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ps | 22 miles | long, with 235 cu ft 5 per s sec, to irrigate 13,600 acres, as well as the” 5 a 
. Potholes East Canal, 60 miles long, with 3, 900 cu ft per sec ‘to 0 irrigate 254 1000, a i 
pre, 


— 


Several 


an additional 13,000 acres of sia ; quality land. 


Development of the Republican River. Basin, in Colorado, Kansas, and 
Nebraska, is a part of the integrated development of the Missouri River “eae 


_ Project, many units and features of which are now (1950) under construction by — a a 


the USBR and the . Corps of Engineers, United States Department of the Army. i, 
a The Republican River Valley is typical of many reclamation projects in the 
_ Great Plains area and nd serves as & good example of how the objectives o of flood — 
control and irrigation may be achieved by « coordinated development. ‘Unlike 
the single large compact development characterized by the Columbia Basin — 
= lands, the Republican Ri River Basin irrigable | lands are scattered along t the 
q flood plains « of the rivers for more than 300 tiles and c comprise sixteen separate — 


Denver. It flows the corner of Kansas and then into 
where its course follows an easterly | direction along the southern 
koe of that state. From Nebraska the river turns southeast, emptying into — 
the Kansas River at Junction City, Kans. The drainage basin of the Republi- 7 
ean River is , approximately 425 miles long and is about 125 miles wide at the 
widest place. The basin has an area of 26,500 sq miles and the total drop in 


developments serving about 20,000 acres. Ultimate development : anticipates — 
_ irrigation of about 165,000 acres of new land and provision f for an additional — 
supply of water to the lands now under irrigation, 
ee map of the Republican River Basin is shown in Fig. 3. The works to be 
Deg antairge in the basin to serve the sixteen separate irrigation units, according . 
to present plans, are > fourteen storage dams, eight diversion dams, and about 


stretches of existing canals are to be rehabilitated. Because of the ania 
characteristics of the entire area » the control of floods i is an 
~ controlling factor in designing the storage dams and in providing for passing — 
ihe The maximum flood of record | on the Republican River « occurred in 1935 4 
a - a peak flow of about 265,000 cu ft per sec was reached, and loss of human . 
and extensive damage resulted. Hydrologists estimate that this 


Irrigation in the basin in the past. has consisted: “principally private 


| : the wasteways of the East Low and West canals, storage in the reservoir will be 4 a, “ ——s 
retained behind the earth-fill, O’Sullivan Dam, which is 3.5 miles long. At 
= 
q — 
4] 
{ 
| ; 
| 
| 
and timed to produce the maximum possible utilisation of available 
is water supply and at the same time to assure protection from damaging floods. _ la | 
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+t that the average annual discharge 


IRRIGATION SYSTEMS 
is only 740 cu cu ft per sec. The dams being ‘on the Republican 
River : and its 3 tributaries ¢ are provided \ with spillways that might be considered - 
c disproportionately large without full consideration of the flood potentialities of 
the basin. _ The storage Teservoirs, which will have a combined total capacity of 4 5 
= 1,786,000 acre-ft, will have more than 1 000, 000 acre-ft of this capacity allocated gy 
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Ye NEBRASKA conus Jom 
a Reservoi 


Reservoir 


R = Reservoir Site 


Gana 

a Somewhat typical of the storage dams nin the Republican River Basin i is the ‘ 
re. - Medicine Creek Dam located on that creek some 10 miles above its confluence 4 


This dam, of the zoned earth-fill type, has a maximum height of about 115 ft 


a) above the stream | bed, and the 30-ft base-width cutoff trench ¢ excavated 60 ft 
up “upstream from the a axis, extends about 50 ft below the stream bed toa shale and — 


- chalk formation. — The dam is approximately 5, 600 ft long at the crest, which — 


| has: a width of 30 ft. _ The total volume of all classes of material in the embank- 


cally-operated slide g gate, 3. 25 ft square, is installed in the gate chamber 
t lo Sigil, ai 4 gem 


; 3 an idention) conduit from the gate chamber to the control house. An sdenals 


— On storage pwe the storage dams required for the develop- 
[ 
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GATION SYSTEMS 
- from which a steel outlet pipe (44 i in. in diameter) installed in the conduit — 
leads to another identical slide gate in the control house. __ Discharge i is into 
a concrete stilling | pool. The spillway designed for a maximum discharge of 
139, 000 cu ft per ‘sec is. an open channel through the left abutment. In 
_ downstream order it consists of an uncontrolled crest, a channel, and a 
‘stilling basin—all of concrete. About 32,000 cu yd of concrete is placed in = 
the outlet and spillway structures. — The storage dams completed or under 
construction in 1950 are shown as items 4, 5,6,8,and12,in Tablel. 
. ny Operation of the storage and diversion facilities will require the development _ 
of a master plan for the coordinated control of the entire flow of the river and all Pn, 


‘a its tributaries. Because of the erratic runoff characteristics of the entire area, 


1.—Strorace Dams REQUIRED FOR THE DEVELOPMENT OF THE 
Repusiican River 1n Coxorapo, Kansas, AND NEBRASKA 


1,000 


132,000 

133,760 

Red Ww hilow (USCE).. 22,000 

Medicine Creek’. ...... 40, 53,000 


20,000 


4 


_ @ Corps of Engineers, United States Department of the Army. ° Earth-filldam. «Earth and concrete | 
7 4 ' jit will be necessary to make adjustments in storage from one reservoir to another ee 
q toi insure flood protection at all points and, at the same time, to leave adequate 
 watee ‘storage for late season irrigation demands. Ona river development of o 
this magnitude, the practice of irrigation over a period of years is ‘certain to ae 
bring about substantial amounts of return flow. By proper handling of the rn 


t various storage facilities, much of this return flow may be re-used to advantage. i. 


From the foregoing examples, and from consideration of th the function of an 
= _ irrigation system, the structural elements of a of a system may be visualized. . The 
= divert of forms and the complexity of ‘arrangements make impossible the 
q * complete listing of all elements and their design in a short paper. 
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glon and headworks, conveyance structures, regulating structures, protection 


an Storage Reservoirs.- —F ormed by dams of all ween storage r reservoirs ‘usually 
em serve as the source of supply, sometimes to supplement normal low-water flow. — 
saan These dams have extensive control structures such as spillways and outlet works. 
Diversion and Headworks.—Diversion and headworks may take the form of 


div ersion dam of any type, with headworks or a pumping plant if the source of 


water is a flowing structures at the headworks are sluice 


se to the small branch laterals and ditches which serve individual farms, 


a with special structures inserted in the lines as required, present many r types of 
i _ engineering problems and all possible combinations of forms. Structures of 
steel or concrete and (in some instances) wood, include siphons, flumes, conduits, 
 eulve erts, chutes, drops, and transitions. Tunnels are frequently Tequired. 
3 _ Canals may be unlined or lined (to prevent seepage or erosion) with a variety 
of materials including concrete, clay or bentonite, asphalt, and rock. Special . 


Convey ance methods such as pipe distribution systems or sprinkler systems 


USBR for the first time in Californias. 
and venturi ‘and weir structures of pes ypes may be ‘used to” 


control and measure the flow as desired 
Protection | Structures. —Culverts, drain inlets, overchutes, spillways, and 


_ wasteways s are e incorporated in in the system es required to prevent interference of _ 
: natural drainage with the irrigation system or to remove surplus water from a 
section of the canal line without damage to the system. =» tes amine 
| Drainage Systems. —Removal of excess water from the surface or from the 
_ subsoils may be as important to the irrigation system as the conveyance andthe _ 


"distribution of water to the land. Surface drains or subsoil drains may be open i 
a or tile drains; or water may be drained by pumping. Stowe 


j larger headworks and larger main canal lines and structures than were feasible 
only a relatively short time a ago. of heavy mechanical ¢ equipment that can 
handle large of materials cheaply has been the principal contributing 
factor to this trend. Mechanized canal excavation and trimming, lining, and 
et finishing equipment permit large’ canals to be constructed quickly a nd at low 
ir unit cost, and in turn require large systems and long sections of canal to justify — 7 
Heavy earth-moving machinery has been effective i in completely reversing 
= if the trend of the unit cost for moving earth as , compared with the unit cost for — 
nee other construction work so that large earth structures such as canal embank- 
“ae. ments and earth dams can be constructed at lower costs than their = | 
=| ‘using other materials. Knowledge « of soil ‘mechanics, 1 utilizing the earth 
e rials at hand to the best advantage through improved design and pein 
procedures, and recognition of the possibilities and limitations of earth struc- 
; ; tures for hydraulic purp poses have contributed to the ‘safe construction of large, 
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earth particularly o of high earth dams. 
dams there is the further consideration that dam sites must be utilized which are 
not suitable for supporting ‘concrete dams but which are, or can be made, ‘suit-— nv 
able for an earth dam with its wide base. Most of the dams that are a part of | SS 
_ irrigation systems, except storage dams in mountainous aqUNTs are earth dams 
the proportion of earth dams will probably increase. i 
Nh the existing heavy demand on water, it is important that full utilise 
tion be made of the water allocated to irrigation and that loss through seepage 
from canals be kept at a a minimum. pes On the other hand, it may be prohibitively 

expensive to line all canals by conventional methods. Considerable research 
and experimentation have been devoted toward the development of a low-cost: 

canal lining, In this category is included a -subgrade-guided slip form for 
placing concrete. This is used on smaller ditches to place concrete lining about 

1.5in. thick without using rails for supporting theslipform. 
ie One of the most promising low-cost, canal linings developed by the USBRis 
the buried asphalt membrane. The canal is excavated about 18 in. outside the 
finish lines and the membrane is applied by spraying hot asphalt on the exca-_ 
‘vated section using 1.5 gal per sq yd which produces a membrane nearly 0.25 in. 
thick. satisfactory ‘membrane can be formed with semiblown asphalt 

although catalytically-blown asphalt ‘is preferred. The membrane is then 
; _ covered with an 18-in. thickness of earth and gravel to Prevent erosion of the a. i 


be applied at ‘a fraction of the cost of concrete lining. 
great cost of-developing large irrigation systems generally that 
# _ water users cannot repay the entire cost of the project from primary vee 

benefits alone. Multiple-purpose projects which provide power revenue 
and nonreimbursable benefits such as flood control, recreation, and fish and 

wildlife, then become the only feasible basis for developing the | water, land, — 

and the other natural resources of a ,region, 16 

__ Trrigation development in the United States, as well as in more densely _ 

_ populated countries, will undoubtedly be relied on as the chief replacement of . 
‘marginal lands removed from cultivation and as the source of supply of food for _ 
millions who reside in the 2 semiarid 1 regions. — With h virtually no new land to be on 

opened for development except that which ‘may be made fruitful through | 

irrigation, the 20,000,000 additional acres that might be irrigated with the 

: complete utilization of all the remaining water resources of the western half of 

a the United States constitutes the last frontier that might be developed against & 

_ the dwindling ratio of cultivated acres to population. - 

z= therefore, may become of greater importance in the foreseeable future than in aa 
the past, but it will not be irrigation engineering by itself. The design | of 

* irrigation systems will be linked with the design of facilities to utilize all the 

y water available i in the most effective manner for the greatest benefit of all, in os 


‘more extensive, more complex Projects or basin 
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SHUKRY ON IRRIGATION SYSTEMS 
AHMED Suuxry,? A. M. ASCE —In the limited extent of the paper, 
“the author h has covered intelligently a subject of indefinite limits. - £ However, 
expression (under the heading ‘ ‘Influence of Economics on Design”) ‘fll 
——Biiligation of the water allocated to irrigation” needs some broad explanation, 
- = when related to the future of irrigation in general. The estimated — 
iz field y water duties for the crops on the irrigated land directly affect the efficiency, 
; 4 ‘cost, ,and design of any irrigation project. The capacities of storage reservoirs, 
sizes of diversion and headworks, conveyande structures, regilating struc- 
f tures, protection structures, and drainage systems all depend primarily on these - 
= _ The future development of profitable irrigation schemes will depend 
largely on the extensive scientific and experimental studies of the relations 
_ between the yields. of ‘the different crops and water supplied. At t least, this 
. may be. attempted | in densely populated countries that have large ‘marginal 
4 cultivable areas but possess limited sources of irrigation water. — The latter ; 
may be represented by Egypt. ai welt! 
Stn Egypt the area cultivated in 1950 was nearly 6 million feddans (1 feddan = = 
_ = 1.038 acres) and the population was over 19 million. — _ The country is mainly — 
dependent on agriculture, the agricultural products approximately 
— 90% of the national income. i The population is rapidly i increasing, and since 
2. 1900 it has nearly doubled. The additional area that can n be cultivated was 
4 estimated in 1946* as 2.0 million feddans. However, studies of the nature of 


a the soil in t the deserts east and west of the eee Delta show that the total 


cheap a and the low regions of these deserts are irrigated by pumping. Because 
the rapidly i increasing 1g population, new land must be continuously 
a for agriculture, to avoid the possible starvation that would otherwise ensue nee 
_ ina few years. The area of land under cultivation per capita (in feddans) has’ a 


fallen from 0.48 in 1907 to less than 0.30 in 1951. liiw 
7 _ ‘The main water source in Egypt is the River Nile. © The water required os 
ee for Egypt and the Sudan is stored during the high s stage of the ri river in three ay 
‘reservoirs, namely, Aswan, Sennar, and Gabel Awlia (Fig. 4). These ‘Teservoirs 
are in the river channel itself. ee he majority of the flood water, being heavily = 


Asst. Prof. of Irrigation, Faculty of Eng., Farouk First Univ., Alexandria, 


Future Conservation of the Hie, E. P, Black, and Y. M. Simaika, Paper 
r 61, Ministry of Public Works, Govt. Press, 946. 


on ‘«“Report of the Consultant on Storage Projects,” Ministry of Public Works, Govt. Press 


Cairo, Egypt, 1948. 


Control of the Nile * by Ali Bey Fathy, Faculty « of 
tte Alexandria, Egypt, 1949. 
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SHUKRY | on 
storage, by which the fora year will 
Fs stored in the river channel itself, in the existing reservoirs, and in a fourth — 
“ Over-year storage, by which the water will be stored i in the w watershed — 
Sasa of the river, namely, Lake Victoria, Lake Albert, oe ‘Basin. 
This water will be used to fill the annual 
"reservoirs in low flood-years. 
_— spite of this huge program for con- _ 
trolling all the Nile sources and for reduc- 
ing the losses in the Sudd region, the stored © 3 
water will be just sufficient to irrigate 
million feddans in Egypt and 2.0 millionfed- ki 


dans in the dry regions of Sudan. 
proposals are being studied for 


providing irrigation water to the remaining Jebel 
2. 9 million feddans in Egypt or to any ang 


other land that may be reclaimed in the 


a distant future. The summary of four of _Sennar Dam 
these proposals is as follows: 
a. 1. Drawing the irrigation” water Meg 


pumping from wells extending through 
pervious substratum; S Regi 


ur 
Re-use of the irrigation water by irri- 


c. Reducing ‘the available conveyance 


d. Economy in the use of water for 


irrigated lands; 


A final opinion on these proposals has. 


not yet been given. _ However, it is believed ime } 

that the economical use of irrigation water, 

based” on long scientific and experimental fer 

studies, might be the last frontier against 


Fig. 4.—Existine anD Proposep 
the dwindling Fatio of cultivated Urrer NILE Basin tv 1951 
oT ig economical use of irrigation water ¢ can n be explained briefly a as f s follows: ae 


Irrigation Practice and Engineering,” ie B. A. Etcheverry and 8S. T. Harding, McGraw-Hill Book | ; ; 
hn Wiley & Sons, Inc., 
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‘in an approximatel with the amount of 
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5.—GeEneRAL RELATIONSHIP Between Crop AND THE QUANTITY oF InRIGATION WATER 
big: amounts of water can be saved with little reduction of the maximum yield 
knowledge of such relations may, therefore, produce economies in im 
: 4 the irrigation ¥ water that may be. given 1 to some crops beyond their points of a 
_ maximum yield. Furthermore, the available irrigation water in a district — 
may! not be s sufficient to produce the maximum yields of the crops in the whole 4 
cultivable area. . Ini such districts it “may be more economical to use water 
duties less than those that produce the maximum yields and cultivate the 


whole area, rather part of the area under ‘the condition of 


W. H. M. ASCE. discussion is a valuable contribution to 
this paper. _ The points raised by. Mr. ‘Shukry on the need for comprehensive — 
planning of irrigation sy systems are cogent and deserving ¢ of the ‘emphasis that 

he has placed on them. His suggestion that the paper should have devoted BE 

additional coverage to the problems of “full utilization of the water allocated — by 
to irrigation” is well taken. However, because of the limited space, this aspect. 


Mr. Shukry’s account of the proposed extension of irrigation 


widespread attention by all members of the profession tnt are engaged ee 
furthering their countries’ water resources and conservation developments. _ 
Engr., Bureau of Reclamation, U. 8. of the Interior, Denver, Colo. eft 
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SOCIETY 


‘Founded November 5, 


“SURVEYING AND MAPPING REQUIREMENTS 
BY CHARLES A. BLESSING M. ASCE 


Wine Discussion BY M. Leon ELIEL, AND 


‘The city planning profession i is giving increased attention to the i ivamerte: 


3 “ment of of techniques and to the refinement of standards and criteria. Since’ - 
surveys and accurate maps ‘are the | prerequisites s of intelligent planning, | 
_ follows that, as the process itself is refined and perfected, so must the basic 
~ tools be refined. Planners must be ye alert to exploit new technical developments 
which will facilitate the preparation of of these basic tools. . Two major | weer 


perfection, largely since World War I, of aerial photography and anil 
and the development by the American Society of Civil 
universally procedures for the making of engineering surveys 


Although prepared as long ago as 1934, “ASCE Manual No. 10° 
as the best ‘available statement on surveying and mapping for modern city — tg 
planning. The emphasis i in this handbook is on the making of ¢ city ‘surveys. a ; 
_ rather than on the specific application of such surveys to problems of city i 
planning. Manual No. 10 might well be supplemented by a basic manual on 
covering the techniques and applications of aerial photography and photo- 
grammetry to the economical and time- -saving solutions of many city amr ll 
2 problems. _ A further supplement might be ¢ a definitive statement of surveying — 
and mapping requirements for modern | city y planning from the point of view of 
the city planner who is the user of the survey rather than from that of the 


civil engineer who makes the survey. 


Norsz.—Published in February, 1951, as Proceedings-Separate No. 60. Positions and titles given 

‘ those i in effect when the paper or was received for publication. 

1 Director, Planning Div., Chicago Plan Comm., Chicago, Ill. 
\_ .3“Technical Procedures for City Surveys,” Manual of Engineering Practice No. 10, ASCE, New York, 
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paper is intended to stimulate thought and promote further study 
= yhich might lead to such a definitive statement, with proper emphasis placed _ 
on the opportunity for a much broader application of aerial photography and 


in the solution of city planning problems. 
_ Surveying and mapping requirements for modern city planning must be 


at 


: procedures since the 1920’s, it must be > recognized that city planners today 

continue to work under the handicap of an infant science. The different 
8 _ planners or offices use varied procedures and different classifications i in surveys 
ae and studies, and all too often follow no rational standards that have been, — 
can be, adequately documented and justified. j= = 


funds for capital egies the planner has had to proceed from the gen- 

2 programs have been thrust into the hands of the planner. . roinmaatl respon- 
sibility must be matched by increased performance. Clearly the time has” 
- come when city plans - must be documented with fuller reasons for each step 
in the procedure leading to specific recommendations, whether for land use or 
a Ww ebster’s ‘Dictionary defines science as “ * * * accumulated and accepted “ 

Pet knowledge which has been systematized and formulated with reference to the 

@ discovery of general truths or the operation of general laws ** * .” In their 
~ daily work and through the professional organizations, planners are form nulating — 
ideas on city planning and reducing their principles to language. They 
oq have begun to experiment’in framing ¢ a body of doctrine as a guide for more 
techniques for city” planning. Careful study of the effective 

a ° being done by planning agencies, individual planners, and research groups 
leads to the conclusion that gradually, almont t imperceptibly but but ‘surely, modern: 
planning is is developing as a science. 


are variable and uncertain, no formalized techniques or outline of procedures y 


ie 


¥ that can be reduced to a statement of principle should be formulated and that 
“ proved techniques should be established as standard practice for the encourage- 
cn _ ment of sounder planning tl throughout t the ‘United States. . It should be empha- 
som sized that planning is more than the carrying ‘out of specified techniques. 
oe Wendell Holmes’ warning—‘TIf a doctor hasn’t got plenty of good com- 


mon sense, the more science he has the worse f for his patient” —applies am 3 


DEVELOPMENT OF SranparD PLANNING Procepures 


Since surveying and mapping requirements | are determined largely by the 
tam procedures and the scope of of the city planning program, the logical approach _ , 


. Because of the i increasing demands placed ona planning program t to provide 


can b be more than a general guide. 1 It is important, therefore, that procedures: 


derived from an examination of standard planning techniques. Although 
considerable progress has been made in the development of city planning 


ie, 
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2 to en mapping problem i is to outline those procedures for the broad ¢ categories ES 


planning studies which taken together constitute standard planning prac- 
he determination of the type of map or r engineering survey 


a the and categories classification of data, the detail 
- required on the maps, and the choice of method for preparing the needed ee ‘4 
- ‘a _ surveys and maps, based on cost, accuracy, time required in preparation, ond 
range of use, 1 Obviously, no two cities, even if approximately the same size, nei 
__will require exactly the same kind of surveys and maps, and cities of widely a 
varying size may ‘require a still wider variation in and 1 


3 The specific mapping requirements for the different phases of city planning 
ean be classified under twelve broad headings: fo Atow an 
a oe: Geography, Topography, Geology, and Natural Resources. —For this basic 
-_ study, the standard topographic survey map, as specified in Manual No. 10,? _ te 
provides most of the necessary information. In addition to describing physio- 
"graphic features, this section provides information on the underground geologic 
- oe of the urban region and on the climatic conditions. Problems a 
water supply and drainage can appropriately be presented here or under the 
large urban regions in the United States have adequate 
‘ maps. In a pioneer study, the New York (N. Y.) Regional Survey,’ with the be’ 


aid of the United States Department of the Interior, secured an enlargement = 
bstr~ United States Geological Survey map, which was made in 1923, and 
_ amplified this map by data from limited field surveys and aerial maps. The ; 
— “The cost of making an accurate map showing all physical features 
ona based on field surveys would have been greater than the cost that has been 
incurred in making the whole Regional Survey and Plan—a map showing ~ 
7  aecurately the physical characteristics of the region, including its artificial - 
features of railroad, highway, and buildings, its natural forests, swamps 
and water areas, and its contours to distinguish its hills and valleys i is at 


with this early map, Pittsburgh, Pa., regional mape us use a 2-ft con- 
- tour interval and the Cleveland, Ohio, Regional Geodetic Survey provides 2-ft <1 
contour intervals ona scaleoflin. = 200ft. 


« tad The topographic map specified in Manual No. 10 is on a scale of 1 in. = 
2 200 ft, with a 2-ft contour interval, and with a minimum of 1 ft for flat areas. & 


Population, Values and Government,” 
York, N. 


4 
judy 
and 
the major metropolitan regions of the United States or for a speciic smaller 
t be ity or town, it is usually possible to specify a desirable scale or range of —> - . 
a 
ugh 
ning 
day 
eye 
4 
vide 
iblic 
gen- 
ding a 
pon- 
has 
step 
OF 
pted 
> 

the 
ting 
hey 
nore 
ups 
dern 
| | 
ures 
ures 
that 
— 
ha- 
| 
with 
we 
ive 
— 


rivers, marshes, creeks, ponds, wooded areas; and cultural ‘such 
buildings, pavements, property lines for and alleys, railroads, and 

bridges. Accuracy is indicated by the requirement that horizontal — 
i of 90% of all well-defined cultural and ‘drainage features on the map are within se 


from 0.01 in. to 0.02 in. of their true positions, and that the indicated eleva- 
a tions of 90% of the points are within one half of the contour interval of os 
»,' bal 2. Land-Use Studies—Real property surveys have been made in more =a 
i: then 250 cities in the United States since 1930. These surveys, largely stand. 
-ardized, generally followed the recommendations in the “Technique for 
be Property Survey” which was prepared by federal agencies i in 1935.4 ih, a 
_ The base map is similar to the standard city survey topographic map, with | a 
ra exception of the contour lines which have been removed and the individual — uy 
lot lines which have been added. ‘The monumental undertaking of the Chicago _ 
(il. ) Land-Use Survey in 1939 was based on maps covering 238 sq miles 
 & (available as work sheets on a _ seale of 250 ft to the in. on 27-in. by 34-in. 
2 ag sheets) and also on nine single-line maps on the scale of 3 in. =1 mile ore 
* ina 9-in. by 12-in. volume). The scale of 250 ft to the in. has proved entirely 
satisfactory for study purposes. Experience with these maps for 10 years 
_ has indicated a high degree of reliability as to both land-use information and 
 base-map features. A scale of 1 in. = 200 ft is usually recommended. The 4 
Chicago land-use maps (scale 2 250 ft to the in.) are conveniently related to the {= 
wall maps with scales of 1 in. = 1,000 ft and lin. = 2,000 ft. The following 
_-maps were reproduced in the final report of the Chicago Land-Use Survey’: 
maps; coverage; dwelling ratio ) (area, per dwelling by 


Ss 


— area; transition area; median volume ratio; exempt areas tax; areas F3 
ie. f nonconforming use; and areas of less restricted use. Pur siticsfatae 
ee addition, other maps of the land-use survey include land use, growth © 
trend, improved value, predominant use, number of per acre, land 


value as a percentage of total value, median area of use, and d percentage of of 1 


‘The continuously revised Sanborn Atlas some sheets on scales” 
- of 1 in. = 50 ft and lin. = 100 ft provide a basic supplement to the 1939 —_ 
Land-Use Survey. Current data on the Sanborn Atlas ‘maps, to- 
7 gether with the 1949 aerial survey covering 1,300 sq miles of the Chicago 

_ -Tegion: on the scale of 1 in. = 400 ft, provide satisfactory working information 

_ The property map, on a scale of 1 in. = 50 ft and showing lot lines and © i 
mee 8 divisions of each parcel of property as described in Manual No. 10, provides a 
substantially the same information as the Sanborn Atlas maps 
pt be made of 1 the general problem of ‘Standardizing terminology and 
an land use for city planning purposes. Just as it is important that q 


“*Technique for a Real Property Survey,” U. 8. Govt. . Printing Office, Washington, D. 
5 ‘Residential Chicago,”” Chicago Land-Use Survey, Chicago Plan Comm., Chicago, Ill., Vol. 1, 
of the Sanborn Map,” Senbora Map Co., Pelham, N. Y. 


7 
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The refinement of city planning and land-use survey techniques started in — Exy 
1930 with the inauguration of the publication of a series of city planning ~ 


atin at Harvard in Cambridge, Mass. ‘These studies differed 


1ese 


uilding 


_ Harland Bartholomew, M. ASCE, made a fundamental contribution to the Yo i 
Berar of city planning and soning in n his book’ which outlined 2 a + method ae. 


pvr cities of less than 300,000 population but, more important, by 
following uniform field land-use survey techniques and by using standard © 
= use categories, provided a beginning toward the development of more — a 


precise tools for land- use analysis. In 1930 Mr. Bartholomew 
the need for some standard method of land-use analysis in order that 
: efforts of individual cities and city planners could be coordinated. The com- — ~ 
parison of land uses in different cities is still difficult because different planners ~ a 
use slightly different ‘classifications of land use, develop their procedures for ‘ 
surv irvey and analysis as they go along, and, as often as not, work under the 
sound technical standards. Zoning asa legal instrument 
to guide the development of cities can be no sounder than the basic land-use ee 
that precede it. | ods baw i! Aw 
oie Bartholomew report ° was the forerunner of a number of significant. 
‘contributions toward the same end. A milestone in the standardization of 
land-use terminology was the decimal system of land-use classification devel- at 
oped by Bryant Hall for Los Angeles, Calif. His logical basic dicitdain 
included ten major categories, each being further subdivided in an orderly — . 
The following standard categories are included: (1) Vacant ; unused 
land; (2) open use; (3) farming; (4) residence, one to three families; (5) resi- ane 
_ dence, multiple; (6) commercial land; (7) industry; (8) utility; (9) institutions; _ 
and (10) recreation. Each of these ten major groupings was again divided fn aes 
planning profession has been on working under the handicap of a lack 
uniform procedures, each planner using his own methods on work which 
_ might have been facilitated by the adoption of standard methods. , Because pou! 
- te condition is ‘so general, it is ‘significant to note that a start is being made seed 
_ toward the improvement of procedures. Particularly significant in the direc- tae 
tion of standardizing terminology and land-t “use survey ‘procedures is the 
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original ‘contribution made in 1941 by Edward B. Wilkens* who suggested : 
tht land-use categories may be determined on the basis of the following: a 4 
(1) The actual physical or inherent characteristics of the land itself; (2) the — e" 
detriment caused to adjacent land use; (3) the type of structure erected; (4) . 
the capacity of the use to crowd the land; (5) movement patterns of individuals _ ae 
: Se (6) the services required or fostered by the activity pursued; (7) al 
service rendered to the community; (8) the taxable values produced; (9) the z 
public or private ownership of, or access to, the land; (10) the nonflexible 1 
_ nature of of "public utilities and land- ownership patterns; and (11) the effects of “a 7 
; pressure groups. | Further work was done in this general | direction by Mr. 
“4 Wilkens under the sponsorship of the Public Administration Service.® 
Population: Density, Distribution, and Characteristics — —Population data 
ad for large cities are generally recorded for census tracts and community | areas = 
— on skelton base maps (wall maps) on scales of 1 in. = 1,000 ft or 1 in. = 2,000 
q ft. _ Among the items of information normally mapped are the following data: 
ay a6, Density; racial or nationality groupings; incidence of births, deaths, and certain 
diseases; crime; delinquency; and economic status. The community survey 
Fs _ project of the University of Chicago has in its files, the recorded data by census a 
tracts, communities, and subcommunities over a period of three decades. 


- These published findings are an outstanding example of the contribution that 4 ; 


has been made to city planning by educational institutions, = = $= | 
cull Spot maps have been used frequently to show total population, school age 
p's population, population n changes, and racial and nationality groupings. plo ab ah Volo 
4. ‘The Street System—tThe basic map required in the planning of the strect 
7 4 system is the topographic map already d sconsthet under ‘2. Land-Use Studies.” 
The recommended scale for this 1 map is lin. = 200 ft. Acceptable scales x 
city planning are 1 in. = 300 ft and = 400ft. A smaller scale is usually 
4 required for regional plans. A scale of 1 in. = 2,000 ft was used for the New a 
York Regional Plan studies and the Philadelphia (Pa.) regional studies. This 
f. = same scale is being used for major thoroughfare studies in the City of Chicago. 
a _ The Cleveland (Ohio) Regional Geodetic Survey, on the other hand, used the © Ee 
“ scale of 1 | in. = 200 ft as a basis for regional highway and expressway planning, 
Ac which conforms to the general specifications in Manual No. 10. _ This survey. 
a of future street ‘ont, rights "Survey maps 
a information on traffic flow, , origin and destination, accidents, street jogs and — 
dead ends » Street widths, street grades, railroad grade crossings and grade 
separations, location of traffic signals, and parking facilities. 49) 
Preliminary highway and expressway locations and design studies are 


often prepared at a scale of lin. = 50 ft. 
Traffic, Parking, and Transit. —Studies of a general nature in large 


- re cities like Chicago can be shown on maps at a scale as small as lin. = 2,000 bf. 


4 ft. _ More detailed studies are made at 1 in. = 200 ft, with intersection ‘studies 


8 “The Planning Approach to Categories of Land Use,” by Edward B. Wilkens, Journal, Am. Sask! 
“Mapping for Planning,” ‘by Edward B. Wilkens, Publication No. 101, Public Administration Service, 
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traffic counts in congested districts, location of accidents, ‘street 
and one-way streets. 


Parking» survey maps that show street parking facilities and off-street ee 
* parking facilities — vary in scale depending on the extent of the area eer 


lands, both public and private; obsolete etc. Transit gurvey. maps 
eS show present transit routes, proposed extensions, service areas, time zones, __ 

fare zones, and flow maps. Large-scale maps of central business districts — 

facilitate the detailed study of transit problems. te 


—In all large cities and particularly i in railroad centers, 


Map of general of entry and location of terminals (scale, 
: 2 b. ‘Map of g general route studies in n relation to neighborhood and community — 


Composite of main tracks, tracks, sidings, industrial ‘Spurs, 


yards, ‘coach storage, engine h 
crossings, grade separations, ete. (scale, 1 in. = - 250 ft 0 or in. = 200 ft). rong 
|, d. Detail map of tracks, buildings, r rights 0 of way, section lines, and bound- 


aries of other railroad. properties 3 adjacent to rights of way. In this rae ; 
are the Manard right-of-way and track maps prepared by the railroads 


= 


and freight terminals, grade separations, and industrial development.  (Ordi- - 


arily a scale of 1 in. neh ft is st sufficient but when numerous details are — 


quired, a scale of 1 in. = 50 ft may be found 1 necessary. Dingo! yraher atl 


Special project maps may be required for detailed of passenger 


_ f. Maps that show “densities of freight and passenger traffic are usually _ 


a distorted scale, the amount of lateral distortion being dependent on the 


volume of business and the area covered. 


planning of both water-terminal and air-terminal facilities should 


tg 7. Public: Utilities: Water, Sewerage, Gas, and Electricity. ais topographic Pre 
q map on the scale of 1 in. = 200 ft is a useful map for master plan studies of 

public utilities. Regional studies on scales of 1 in. = 2,000 ft and 1 in. = 

2,000 ft include. topography, land uses, highway system, and population diss 
_ tribution. Aerial photographs are useful in indicating the built-up areas ee 
urban | and the character of development. . 
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] in. = 20 ft and eta intersection m maps on the scale of 1 in. = 10 ft in - 
highly y developed and congested business districts. The master plan map “ 4 

a single u utility may be plotted on the scale of 1 in. = 200 ft. - This map shows z 

the size e and location of all elements in the sy system, together — proposed — 

planning of utilites should be coordinated with zoning and ‘the 
land-use plan to insure adequate service in all sections of the city. 
_ 8. Housing and Redevelopment.—The technique for conducting housin ng 4 
= surveys has been standardized largely under the direction of federal agencies. J 2 


yes _ Real property surveys oriented in large part to the study of housing problems: 
have been made in more than 250 cities in the United States. Many of these 
surveys have followed the “Technique for a Real Property Survey." 

A basic housing survey such as that recorded in Chicago in 1942° includes 
4 information « on a block basis. This information is included in the report “ > 
the scale of 13 in. = 1 mile. Work maps on the scale of lin. = 250 ftareon __ 


Maps are included for the following: Median rental, medion yder built, 
- value of single-family structures, race, condition, median duration of occupancy, 
yy conversion and rooms, housing conditions, sanitary facilities, overcrowding, 
ss. vaeancies, owner occupancy, single-family structures, and control (number of 
_ _ structures and dwelling units). Although the commercial and industrial 4 
phases of the Chicago Land-Use Survey were not completed, the following 
a schedule of information would indicate the content of such a ourvey. Block 
_ maps reproduced on a scale of 1} in. = 250 ft would include rent profile, median csi) ‘ 
_ annual store rental, availability status of vacancies, type of vacancies, amount — i 
-- vacant business floor area, ‘movement of business, median ; year built, craton i 
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of business, percentage of retail establishments, and (percentage 


= (number of structures ‘and business unite), chain stores, , transfer corners, pond 


Commission involve the use of maps at several scales: First, ‘city-wide | maps — 

a a scale of 1 in. = 2,000 ft; second, land-use maps on a scale of 1 in. = 250 
_ ft; third, generalized study maps on the se scale of 1 in. = 500 ft. ss The mt 

Central Redevelopment Area plan is drawn on a scale of 1 in. = 250 ft. Special 
ba highway studies were made using maps on a scale of 1 in. = 100 ft. Both E 
the Sanborn ‘Atlas maps and the 1949 Chicago Aerial map have 


redevelopment studies Gin 1950) by the Chicago Plan an 


Sed ofa a large c city can be on scales of 1 in. 1. = 800 ft, 1 in. = = 1,000 ft, or 1 in. = 

2,000 ft depending on the size of the city. Survey maps should include the — vi 
- following information: Topography, existing and proposed land use, vacant — 7 


area, zoning districts, street traffic flow, transit routes, ‘spot map p of pedes 


10 **Location of Underground Utilities,” 
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and recreation area locations, areas not served by local playgrounds : and 
_ parks, community parks and large city parks, neighborhood recreation area a 


_ deficiency (in acres), community recreation area deficiency, large parks (ex- __ 


- and proposed), and private recreation facilities. _ 


oa Ih the smaller cities, the base map might vary in scale from 1 in. : = 200 ft ols 
- to 1 in. = 600 ft. In a large city, like Chicago, square mile maps on scales “ee - 
of 1 in. = 200 ft or 1 in. = 250 ft would be needed i in studying specific sites. ae - , 


10. Subdivision Control. —ASCE Manual ‘No. 16" specifies the following 


= 


| 


maps: Preliminary plat on a scale not exceeding 1 in. = 100 ft; and vicinity 

: = on a scale not exceeding lin. = 400 ft that shows all existing subdivisions, 
_ street and tract | lines of acreage paste and proposed street connections be- be- 
tw een the subdivisions that are being submitted and the adjoining : areas. i ahs 


y “intervals o or less; location, widths, and names 0 of all existing or platted streets 
within or adjacent to the tract; existing permanent buildings; railroad rights” 
of way; section lines; political subdivisions or corporation lines; school district * 
boundaries; and existing sewers, water mains, culverts, and | other underground i 

‘The final plat is drawn on a scale not exceeding 1 in. = 100 ft, and shows V5 thy 
the boundary lines with accurate distances and bearings, the exact location _ 


and width of all existing or recorded streets that intersect the boundary ofthe 


official monuments, the exact location of the subdivision in reference to 
4 the county real estate records, and the exact layout of the subdivision. “Dele 
rast 1. Public Buildings. —City-wide maps of all public buildings, including 
schools, fire and police stations, libraries, and public administration buildings pity! 
may be on a ‘scale of 1 in. = 1,000 ft. More detailed site planning studies aes 
require a larger. scale. “Convenient. scales are 1 in. = 50 ft, 1 in. = 60 fh, pa 


1 in. 100 ft. ve 8) | 


ay 


= connection with the presentation a the capital improvement program. 


is METHODS FOR Ciry Sunvevs! 


the period from 1928 to 1948, aerial photography and photogram- 


_ metry have emerged as widely accepted supplementary surveying and mapping “> 
procedures. Although no photogrammetric method can considered the 
_ answer to all mapping problems, or a complete substitute for standard ground- von 
surveying techniques, photogrammetry now must be recognized asa basicand 
a tool to Supplement | other standard m methods. In ‘many cases, a combina- bie 
tion of photogrammetry and ground produces the best result. 
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'18Economics of Photogrammetry,” by Leon T. Eliel, Transactions, ASCE, Vol. 111, 1946, p. 567. on 
‘ 


a tour maps, city planners particularly should become more familiar with = | 

‘many uses of aerial photography and mosaic maps, since they are now —_ S 

generally acquainted | with the various categories of usefulness of these new 

aerial tools. It may be convenient to summarize the various applications of 3 

and aerial photography to city planning problems, in: 


New subdivision layouts; 
Selection of sites for hospitals, laboratories, and ‘public buildings; 
(6) Industrial land use and material storage; 
(7) Traffic flow studies; bow 


The planning of sewerage and disposal plants; of 


_ (18) Drainage structures. boa 
From the foregoing list it will be seen that there are few, if any, phases 
of modern city planning that cannot benefit from use of maps produced by the a 

_ The principal methods employed in the preparation of topographic maps by e 
photogrammetry we were effectively in l by Leon T. Eliel i in 1945: 


re 
“Today in the United States it is probable that all topographic ; 
by 30 mapping is being done by photogrammetric methods. The U.S. Geolo jeal 
_ Survey 1s the only organization among many now engaged upon the fe eral 
a mapping program that still utilizes the plane-table method to any extent. 4 
ebay the organization operates what is probably the largest multiplex unit in ie 
we the world, so that even within the Geological Survey a large percentage of 5 
the total work is being done by photogrammetric methods. Other federal — 
organizations and private organizations under contract to the Pe 7 
use the photogrammetric methods almost exclusively, © 


a Photogrammetry has finally arrived at the age of full maturity. 


“ni "Although the methods will unquestionably continue to im owe from year to _ 


a. year, they are already thoroughly practicable, and afford a tool which will q 
find continuing and increased acceptance at the hands 


In discussing photogrammetry, engineers should not lose sight of aa many 4 


applications | of aerial ‘great many more miles are ‘studied 
ry 


The experience of ‘the operating agencies of the government in New 


—— 


‘od, 


“Economics of Photogrammetry,” by Leon T. Eliel, Transactions, ASCE, Vol. 111, 1946, p. 576. 
ie “How New Rochelle, N. Y. Uses Aerial Topographic Maps,” by Thomas B. Ray, American City, 
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These maps 5-ft on the scale of lin. = d were used in 
the “GH 


The maps were used also in snow removal a street sanding operations 


the design of and storm drain facilities at a saving in 


al in revising routes of garbage collection equipment. _ The Bureau of Parks, © 
‘. Docks, and Harbors used the maps for studies of waterfront improvements 


& 


in the selection of future recreation arene, hat aut 
Inspectors of the Department of Public Health used the maps as an aid 


a making sanitary surveys and studies of the extent of sewage pollution in ies ee 
bathing: waters, streams, and reservoirs. Other operating agencies that have 
used these maps include the Police Bureau, the Fire Bureau, the Building 
Inspector’ Office, and the Board of Education. The Bureau of 


The experience in New Rochelle it difficult to 


conceive of a more widely used municipal investment than aerial photo- 


Tn ‘suggesting that a more me agreement as to mapping and surveying = 
requirements for modern city planning will facilitate the work | of a typical 
; a2 planning program, this paper is not intended to recommend a rigid mold into i snk, 


© which a planning office must fit its particular mapping requirements. — tee 


ban Suggested, however, that reference to some standard practice may assist 
planning office in establishing more precisely its own mapping specifications. 
45 . It i is hoped that discussion may test the general validity of t! the idea that some ihe 

oi fe: framework of mapping procedures would be helpful in any planning office. ie es: 
Precisely what that framework should be will, it is hoped, be more clearly stated 
deral =| sin any f future revision of ASCE Manual No.10. 
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al Haroip M. Lewis,"* M. ASCE.—The kinds « of maps in which city planners 


sha are vitally interested are discussed in this paper, which makes a strong plea for — 

“ greater standardization. The writer believes the problem would be clearer 

if one grouped such maps under the following two headings: (1) base maps, — 

which the city engineer and is primarily responsible; and 


existing maps were available. Many communities are still without an 

accurate street map, and in many places the only topography available is 
= vee that shown on United States Geological Survey (USGS) maps made many © 

years ago by plane-table methods. This type of mapping can and should 
ae be standardized. The second group of maps—that is, those showing basic 
planning studies—will vary W both in scale shown, 


existing and ~The city engineer and department staffs need enough 
ae information for the design and construction of those improvements. The 


“id. former, therefore, w ants a true e scale, whereas the latter : need true dimensions. 


tas pee map at a scale of 1 in. equals 400 ft with 5-ft contours, while the oak 
& _ engineer would want a scale of 1 in. = 200 ft or 100 ft, and 2-ft contours. © 

ase The city planner could make effective use of an air mosaic po a few oblique 

_ air views, but the city engineer would want these plus a photogrammetric 
map. Both should work together in developing a a suitable mapping program — 


re. or: _ The New York Regional Survey and Plan, referred to antes Mr. Blessing, 4 
presents one extreme, and it was’ necessary to use the only region-wide 
ey oi available, that i is, the USGS maps, which were enlarged from 1 to 62,500 to 4a 
3 --- 1 to 24,000 (1 in. = 2,000 ft), at which scale the plan was drawn. The printed — 


- was reduced back to t the scale of 1 to 62, 500 ) (approximately 1 1 in. =1 


et nade help in this work, no such map as has recently been a 
jointly by the City of Cincinnati and Hamilton County, in Ohio, , would dhave 
i: been justified . In the latter case 414 s sq q miles to be m mapped by aerial survey i. 
_ methods were estimated to cost $1,120,000. At this same unit cost per square : 
oe it would cost today “nearly $15, 000, 000 to map the 5, 500 §q miles i in cede 
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LEWIS ON CITY PLANNING 
iii 
p 
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ate hace mans (iten they have had to mate th On wh 
i city departments. The city planner is 
the city engineer and various city departments. ‘The city planner is 
| 


bell 


region, whereas the of the New York Regional Survey 

F and Plan, including its ten volumes of reports, was about $1,300,000. Thus °; ze 
the statement quoted by Mr. Blessing, from one of the Regional Plan reports, 

that an accurate map would have cost more than the st survey and plan proves =, 

Three general types of base maps are needed as follows: 


Detailed base map for comprehensive studies and 
2. Simplified base map at smaller scale for publication; and 


re 3. Outline map for statistical presentation and studies of single Oe a4 


drainage, culture, topography, and wooded areas, and invisible features, 
as mapped streets versus those in existence, property lines and the use of 
at on land and structures. fi The use of land and structures is particularly ‘essential — aa i 
many Blessing s states (under t the heading, “Purpose of Paper”) modern 5 
should — city planning is developing as a science.” There is already such a a . science, ea — 
basic g with its techniques and principles well established, but these facts should not ve | 
th sie be permitted to put planning ina a strait jacket. The city plan be 
eustom-made and not factory-made. Planning is actually more than a 
needs” science. James Ford has described it as “* * * a science and anart***.7 
ner is Thomas Adams defined it as * ‘science, art, and a of 
nough — Planners hie been accused of stating their principles in jargon, but are a 
The now attempting to simplify them in everyday language. If planners can get 
nsions. adequate base maps and simplified reports utilizing standardized basic n maps 
»fora at scales suited to the municipality, city planning will become better understood 
yblique Leon T. Committee on on City Surveys of the Surveying and 
- Mapping Division of the ASCE is in the p process of revising Manual of | Engi- | a is 


metric 


neering Practice No. 10 (‘Technical Procedure for City Surveys”). A consider- 
able section pertaining to aerial photography and photogrammetry will | 
ge _ In the paper a wide range of scales is mentioned ranging from 1 in. = 40 ft _ et 
7 to 1 in. = 3,000 ‘ft, a spread of 75-fold. Such a galaxy of scales and the cyan 
attempt to : assign a suitable scale for « each different class of activity su; suggest ts 


_ that some basic consideration be given to the elements that go into the choice te : cs 
ofa suitable scale for a particular map. Possibly the scale of the map is 


of is ordinarily that map can be 


= ‘selected in order to permit measurements to be determined with : a certain — 


survey 

square 

jin the 
7 “Slums Housing,”’ by James Ford, Harvard Univ. Press, Cambridge, Mass., Vol. I, 1936, p.490. 

re 18“Outline of Town and City Planning,” by Thomas Adams, Russell Sage Foundation, New ‘York, 
19 Vice Pres., Fairchild Aerial Surveys, Inc., Lbs Cal. 
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ELIBL ON CITY PLANNING | 
if the maximum scaling accuracy of the map 
\ = is 10 ft, then a suitable scale can be arrived ed at by starting with the expression q 


0.02 in. = 10 ft. - Multiplying each side. of the . equation by 50 results in a 


ay Oftentimes accuracy is not the criteria for establishing a scale at all, but — 
F rather the scale is determined in order to provide ample layout space. If, for 
example, a map or plan is to be drawn on which each eet of a stairway needs — 
a to be shown # i in. . wide, then the scale must be § in. = 1 ft (the width of the 7 
a _ tread), or lin. = : § ft. ~ Possibly the smallest feature that must be taken into Z 
~ eonsideration on a map is a 10-ft alleyway that must show as a double line. 
_ In such a case, , perhaps the double line should be ys in. across, resulting i ina 
Again, it may be that the governing criteria in the | scale of a map is the 2 
“s need for room to contain a great deal of descriptive matter. In this case the 
space available for these printed blocks will be the determining factor in — 
choosing the map scale. _ Possibly the smallest feature that it is desirable to 
ae show on a map will be one city block, which is 400 ft on a side. It may be © 
considered that, if this 8 city block i is shown } in. square, it will give an adequate — 7 


4, re epresentation for the map user. In this case the starting expression is } in. 
p Pp p 
= 400 ft, which gives a map scale of 1 in. = 1,600 ft. 


BY 


nine to > supply 1 maps that ‘conform to the size of existing filing facilities. 
ns _ Thus, possibly, a map of a city that is 5 miles across is desired all on one sheet, — 
unfolded, that can fit into 40-in. file file. ‘The required scale of course, 
mk, In specifying a scale, consideration should always be given to the necessity 
3 for a particular scale - Ordinarily « a certain scale connotes a certain 1 measuring 


- aeeuracy, but if this accuracy is not’ needed it costs a lot of money, and the 
i‘ scale can be achieved just as well by making the map initially at a smaller 


scale and enlarging by or graphic processes. large-scale 


: “3 large scale is achieved by enlarging a smaller map. A large-scale map te 
4 means that from the > beginning the process by which the map is derived will — 
usually be carried on to a precision beyond that actually needed. So, in 

- & considering map scale, it is always well to analyze whether a certain ‘seale i is 


Photogrammetric methods are playing such an n important role i in the 


are aration of contour maps that it should be kept clearly in mind that (unlike the , . 


_ plane-table survey in which scale i is usually the criterion of cost) the cost in 
photogrammetric mapping is usually more closely associated with contour 
id interval. According to the different systems of photogrammetric mapping, ‘a 
the flying altitude may range anywhere from 250 to 1,250 times the contour | 
= interval. For this reason, the cost of a 2-ft contour is apt to be about 3 times 
eg the cost of a 4-ft contour. The photogrammetrist will fly twice as high for 4 
os ae the 4-ft contour, and, therefore , he will have only one fourth the number of a 
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BLESSING ON CITY PLANNING 
ae as W ell, it obviously is goed economics to buy it, because it will cost hy 
- 0% a8 one third as much. With the remaining two thirds of the money ae 
- lot of work can be undertaken on the ground to bolster up occasional spots 4 
_ where there is real necessity for something better than the 4-ft contour. = 4 
“— : gla Ins summary, it is a great extravagance to be a perfectionist as far as map 
ay ‘requirements are concerned. A map made to the highest specifications at a ; 
4] large scale and a small contour interval is, of course, what everybody would like’ i : 
have in approaching a a project. This desire, however, must be be ‘tempered 
‘hy ‘ee ~ Many cities fail to have adequate maps because of the information that 
has been available in trade periodicals about the cost. Great cities like c 


Clev reland and Cincinnati, Ohio, Tacoma, Wash., and San Diego, Calif., 
comprehensive Many smaller cities with Limited get a fine job 


“for their bigger brothers. For about one tenth the cost per square mile, a an 
purchase excellent photomaps m made to an accurate scale and showing every 
“ feature of the city in proper relationship. Probably these p photomaps will solve pe,¥' 
> large percentage of the problems that arise in the course of day-by-day city 
Ae ork almost as s well as the more » complex maps. ia Many small cities | have | been ‘- 


as $100 and $200 per sq mile, and sometimes even = 

ewe This paper has been very thought-provoking as far as the writer is con- 

cerned, and he is grateful for this healthy : stimulus to our city m map thinking. | pe cas 

CHARLES A. BuessineG,?° M. ASCE. —The purpose of this paper was con- 

fined to a description of the various types of base maps required in modern city - 

_ planning studies. No attempt was made to describe the details involved in the Bits 
* preparation of finished maps showing survey data or proposed plans. Itistobe Tae 


‘greatly: desired that a professional planning: organization such as the American 


- of map making used a city planners i in their own work. Such a manual would a 
- suggest such items as standardized symbols, patterns of hatching, and simplified 
titles. The standardization of survey maps as well as of base maps should 
accompany the general refinement of techniques in the planning field. . Agree- - 
ment on mapping techniques would do much to encourage sounder ‘planning | 
_ procedures in many countries that today depend on American engineers and > ¢ oe 
planners for technical assistance. Such standardization would provide the 
means of a fuller exchange of knowledge and information on city planning 


Just as the planning process increasingly involves the improvement o 


_ techniques of measurement of industrial nuisances, of standards 


techniques for simpler and n more effective graphic presentation of ideas, s simpler 
and more readible , and ‘maps as tools of analysis. 
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— ON CITY PLA 


“ye 


; meee character of improvements, needs a true scale whereas the engineer, Z 

interested in design and construction, needs true dimensions, 
In his discussion Mr. Eliel has, with sound logic, urged that r more attention 
be given to elements that go into the decision on the choice of a suitable scale 


re ample layout s space, the need for s space to contain a great deal a ee 

_ descriptive matter, and the need for a convenient sheet size that, unfolded, can - 
fit into a standard map file . With this clarification of the reasons for determi- 
sation: of various scales the writer is in n complete ag agreement. 
Mr. Eliel’s discussion of cost of photogrammetric mapping as affected by 4 
sai and contour interval will be helpful to the planner in his choice of ‘maps 
for ; a particular project. Hissummary statement that it is a great extravagance 

@ to be a perfectionist as far as map requirements are concerned is heartily agreed — 


a The writer’s recent e experience in planning work in a large city has convinced _ 


him that commission members prefer for conference use a simple effective map — 
_ prepared with generous use of colored patterns to indicate types of land use, , 
- eolored scotch tape strips to indicate transportation routes, and “single idea” 
_ presentation maps made possible by use of transparent acetate overlays. ces j 
* Thear erage plan | commissioner or city official would prefer that the usual 
complicated study 1 maps, filled with the detail that delights the | professional 3 
- practitioner, be left in the file drawer in the back room. He would prefer for 3 
public hearings, commission meetings, printed reports or exhibits, that the 5 
_ planner submit maps with clear-cut eye appeal, simplicity, and the abundant > 
_use of color that the popular magazines have taught the public to demand. 
_ The planner’s finest vehicle for selling his plans is a set of coordinated : 

_ graphic materials, such as ; photographs, perspective drawings, models, charts a 
and diagrams, and most important of all—a series of clear, simple, and attrac- _ 
ad The writer is appreciative of the thoughtful discussion — of this paper. 
“He believes that an opportunity lies ahead for the city planner and the civil 
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THE NEW TOWNS PR 
By C. — 


C 


ay. 


P ‘Beginning with the early history of the ‘ “Garden City” movement, the ~ 
paper mentions the several steps in the lontemantation of the “new towns” 

, a program. The writer analyzes the types of new towns undertaken i in England, 
Wales, and Scotland, and the reasons for them. The site @ investigation re ie 
quired before a proposed new city is authorized is described. 

dea After development corporations have been established and after staff and 


offices have been obtained, the first step is to accumulate all necessary — 


material relative to the site, This is followed by the preparation of a master 
_ plan which shows their broad intentions for the planning of the area. The OF 
surveys and the plan, together with an explanatory report, and a program for 
construction and estimates are submitted to the Minister of Town and d Country 
Planning for his approval. Detailed layout plans for smaller areas within 
j the framework then follow. ‘The importance of teamwork in design and © 
construction is emphasized. wed. After mentioning the limited progress so far 


brief r review some of the engineering | is under 


a June 10, 1899, Ebenezer Howard founded the Gardin’ City Association 
in London (later named the Town and Country Planning Association), and — 
.- public interest first ; began to be awakened i in his garden city remedy for the 
: evils of metropolitan overcrowding and the depopulation of rural areas. — ‘This 


ded to the foundation of the first “garden city” at Letchworth in Hertford- oa 
in 1908, and later to the of W elwyn Garden City, in 1920 


Positions and titles given are 
Senior Planning Officer, Ministry of Town and Country Planning, — 
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(see Fig. 1). 1921 the reports of the Unhealthy Areas | (Ministry 
ee Health recommended the development of self-contained garden cities with — 

ss gtate assistance in their early stages. . Since early pioneering days other ad- — 
eats, such as the late Sir Raymond Unwin, for the Greater London Regional rf 
Com Committee (report. of to 1933), 7% Edwards with his 
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2 Crawley 
Hemel 


Harlow 
6 East Kilbride (Scotland) > 

bran (Wal (A 
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© New Town Sites; Numbered in 


bn Fie. 1—New Towns m Gazar Barra, As Jury, 1949 tal} pohatel 


Sir Patrick . Abercrombie, and many others have ‘urged forward the “ new towns’ 
- idea. In 1932, with the passing of the Town and Country Planning ae 


statutory provision was made for ‘the development of garden cities under 


— 
— 
— 
ay 
) 
— | 
— 
q 
eck, 4 


‘The rapid growth of large cities in the years Ww rorld War I 
- World War II, and the further depopulation of rural areas, led the g government fig 


to set up one royal commission and two committees—the Barlow 2 the = a 


4 
Scott,’ and the Uthwatt'—whose findings drew attention to the paramount | 


importance of remedying these evils. ‘The Barlow Commission specifically 
re garden cities, satellite towns and trading estates as a useful con- 
§ f garden citi tellite t d tradi tat ful 1 
tribution towards the solution of the problem of relieving over- 
n the County of London Plan‘ an e Greater London Plan’ Sir Patrick _ 
_ In the County of London Plan‘ and the Greater Lond Plas’ Bir Pati 
the immediate establishment of of eight or ten new satellite tow ns 


accommodate the population overflow from London. te 
Following the publication of the Greater London Plan, a small group of ste —_—_ 
"technical officers of the Ministry of Town and Country Planning was formed 
_ in September, 1945, to prepare (as a matter of urgency) a master plan for the a es 


first of the new towns at Stevenage. As no New Towns Act then existed the : 


7 


minister’ S powers were limited to those contained in section 35 of the Town 
and Country Planning Act (1932) mentioned previously. 
a. At about the same time (October, 1945) the then Minister of Town and > 
7 State for Scotland, the late Right Hon, Joseph Westwood, set u up & ‘New Towns ce 
Committee under the ‘chairmanship of Lord Reith of to advise 


general qu uestions of the e establishment, development, organisation 


and administration that will arise in the promotion of New Towns in 


at furtherance of a policy of planned decentralisation from congested areas: 
and in accordance therewith to suggest guiding principles on which such 
_towns should be established and developed as self-contained and balanced 
communities for work and living.” 
= The reports of this committee served as a basis for the New Towns Act which , 


was passed through the Houses of Parliament without substantial party op- . 


- position and received royal assent in October, 1946. _ The act gave power 


to undertake the work of their design, construction, , and manage- 


of the Industrial Population,” Report Cmd. 6153, Royal Commission on the Distribu- 
“tion of the Industrial Population, His Majesty's Stationery Office, London, 


_ $“Land Utilization in Rural Areas,” Report Cmd. 6378, Committee on Land Utilization in Rural 
Areas, Ministry of Works and Planning, His Majesty’s Stationery Office, London, 1942. pW ED) SILI 


#**Compensation and Betterment,” Final Report Cmd. 6386, Expert Committee on Compensation 


q 


- Betterment, Ministry of Works and Planning, His Majesty’s ‘Stationery Office, London, 1946. — 


*“County of London Plan, 1943,” by J. H. Forshaw and Sir Patrick Abercrombie, sapent ent 
for the London County Council, London, 


“Greater London Plan, 1944,” by Sir Patrick Abererombie, prepared for Standing ‘Con 


q “ference on London (England) Regional Fearing. 
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town at Stevenage and very shortly thereafter by three others at Crawley, 
18” 


TOWNS 

as 
led litigation which prevented the ‘confirmation of of the 

Of the four new towns (Nos. 428 4, Fig. 1), and Harl 

located exactly as proposed Sir Patrick in the Greater London Plan, 
+s whereas Hemel Hempstead and Crawley took the place of two other towns 

= proposed | by him on 1 near-by si sites. . Pressure from housing authorities in the _ 

¢ central areas, pending progress on the construction of the new towns beyond 7 
_ London’s Green Belt, made necessary a considerable, although limited, amount _ 

of housing in the Green Belt itself. Further new towns have consequently 
been designated at W elwyn Garden City (No. 9) and Hatfield (No. 8) in 
the north, at Basildon (No. 11) on the east, and at Bracknell (No. 12) in the 

7 west. These eight London new towns, when fully developed, will prov ide 

for an ov overflow population of 270,000 persons. ‘The total overflow for the 
London area, however, is of the order of 1,250,000 p persons and a natural increase ~ 

The London region, however, is not the only part of Great Britain to which 4 
io o pr New Towns Act has been applied. At Peterlee (No. 7), near Easington, — 

' County Durham, a new town has been designated toward the eastern ) onge of 7 
i, the coalfield, where th the newest pits are situated, beside the North Sea. _ Near- 
by, inland, are a number of older pits with shorter periods of life, and each 

one with its old mining village clustered around the pit head. Housing 
conditions in these villages, by modern standards, deplorable. - ‘Older 
houses are being demolished, and it has now been decided to concentrate - \ 
replacements in the centrally situated new town called Peterlee where it will Hi 


the possible to provide better shops, social facilities, schools, motion ‘picture a 


theaters, and so forth, and some employment for those women who wish to q 


_* estigations into the needs of the South Wales d development area have 


o _. also led to the designation ofa new w town at Cw mbran to the north of Newport _ a 


are needed for those persons, at present, or likely to be in 
- _ the new factories erected there by the Board of Trade as part of the g govern- 
ment’s policy for the relief of in the South Wales Develop- 
Another type of new town is that designated at Newton. Aycliffe (No. 
a County Durham. During World War II a large royal ordnance factory — 5 
at was in operation at this site, and after the war this was converted into an 
industrial estate under the sponsorship of the Board of Trade. The plastic 
* industry has also constructed a new factory on near-by land. Since this a 
estate draws its labor from a radius as far away as twenty miles, it was decided — = 
iy to build a small new town imm mediately adjoining, ye yet separated from it, to : 
ye house some of the workers and their families close to their source of employ- ee 


Large cities, such as Liverpool and the Manchester conurbation, urgently 
“1 require sites for the decentralization of population and work places, = 7% 


— 
| 
> 


late Minister of Town Planning to the planning author- 
ities that two new towns might be needed in north Lancashire, but no decisions _ 
made at the time. ite to south of Manchester, is 


= 


in 


of Glasgow and will be to accommodate the overflow of population 


and industry from that city and from northwest Lanarkshire. The Staton r 


“Lanarkshire, to the south of and at Glenrothes in east 


‘3 ment. has also agreed that the new Mechanical Engineering Research Station 
4 of the Department of Scientific and Industrial Research should go to East 
_ Kilbride. This should employ about 10% of the future industrial population. 1° iy 
a Glenrothes lies about five miles north of Kirkcaldy and will be needed to house _ 


“7 ‘about a half of the anticipated increase of miners in the east Fife coalfield. A _ 
: _ The site was selected because it was the only area of adequate size lve good 


ay. close to the new pits which was free from subsidence, did not involve good 
4 agricultural land, and was capable ¢ of being provided \ with main drainage and ’ 
q Other new towns been proposed for Scotland at Houston-Bishopton, 
Cumbernauld, and Lugton in the Preston- 
pans, Cumnock, and Lochgelly. 


received for such questions as: ‘Ase communications adequate? 
gas, and electricity be provided and can ‘sewage be disposed of? Will indus- 
ae go there? Can labor be found to build the town? Is the possible a 

_ area free from subsidence? ~ Is the region composed of high-class farmland 
~ whieh | should not be taken a of production? — Will its location disturb the © 


|= 


ya farm boundaries and the farms that the best economic 
«Units and have the best equipment in the way of buildings will have been | 
obtained from the Ministry of Agriculture and Fisheries. Land liable 
Sending, and seepage will be avoided where possible. Fog, frost, 
and 


ps ill be available for 


building. These and other factors will be taken into account when the con-— 
& sultant’ 8 8 preliminary plan i is prepared. The plan will show that it is ay 
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Before the proposal to locate a new town has been agreed upon, inter- 
— 
— 
| 
| 
d he earliest new town at Stevenage the work was undertaken by the = $= = 
nS cal group of the Ministry of Town and Country Planning. For those sae 
a wley, Harlow, and Hemel Hempstead eminent town planning consult- 
proximately 900 acres per 10,000 population will be required. walt Neos j | 


Preparation: or Master Puan 
af The first job of the is to survey 
4 an outline master plan. The survey will include: Topography, air photograph 
mosaics, geology and soil tests, existing land use, age and condition of the — 


ie buildings (including those of architectural or historic merit), water ‘resources — q 
Walking Time Scale at 3 Mi per Hr, in Minutes 


Seale, in Feet 
"3000 4000 5000 
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Fie. 2.—Pian oF Proposep Lanp Use, NewrTon AYCLIFFE 
: and mains, draingy e areas and sewers, gasholders and mains, electricit sta- % 
£ g y 


i = and mains, post office cables and exchanges, roads and footpaths, bus 4 . 
routes, traffic flow, rail facilities, waterways, airports, farm units, and existing _ 
Only when the survey is complete can the master plan be designed. It y 
p pla 


will show the broad — to which the ae is to be put, namely: Residential, a is 
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‘It will alse show the locations of the local shbaping centers, schools and their ay 


will be by an explanatory report: which include a 
- statement of provisions (under separate heads), estimates of progress for the 
first three years, together with financial estimates and the labor requirements. os 


PREPARATI N OF DETAILED ‘Pia 


a0 Not until the survey ‘ay ‘master plan have been. completed and the a 
- framework of the new town determined, will it be possible to proceed with a 
the detailed design « of the pues parts, such as the mans areas and shops a 


lying within the 


> 


a 


Neighborhood ‘Canes 


“Technical College 
“Junior Colleges f 


- to joint meetings with the chief ensineee whose requirements concerning the 

economics of the > proposed services must be satisfied. The chief estates o officer 
will state whether he can rent the properties in their proposed locations, and Fe 
the chief legal officer will advise on the legal aspects. plans seem 

‘reasonably economic the entire “project is ‘sent to the quantity surveyors to 


estimate the cost, and rentals are calculated. If are the 
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entire process is repeated again until the bes 
under the controlling hand of the genera! 
this paper was originally written (in July, ), ttle actual con- 
_———_! j partly through the necessity for investigating the nature of the sites thoroughly  __ 
g cessity estig 
before beginning work, partly through the slow build-up of staffs, 
a = a and largely through the national limitation on capital expenditure. A token ee 
allocation of 300 men for civil ‘engineering work in the London “new towns” 
ee i enabled a start to be made in 1948 on the provision of the first roads and e = 


services. Independently of this development, the inclusion of the new towns 
a housing program in the national program (sponsored by the Ministry of | 


- Health) permitted a small number of houses to be erected by the development eh 
7 corporation. By November, 1950, Lesereran-} all the older corporations onl 


TABLE 1—Scuepute or DWELLING Construction, New Town PROGRAMS 


New Town (Excuupine | Acruat Sraruson Sratus oN ban 


SCOTLAND) Ocroser 31, DeceMBEr 31, | Plans for other buildings, ete. — 


pleted| plete? | plete | pletes 


First housing site approved Said 


One factory; labor camp/#.4 


Eight workshops; temporary youth 


center 
Labor camp; two factories>; fourteen 


supplies; hostels; six 


Two factories; two factory extensions; — oe 


Number « of dwellings under construction. Part of i industrial area site works under construction. 


all the New Towns except Bracknell, Corby, and Cwmbran. Civil engineering works to open sites for 
development are in progres (January ,1951). ¢ Part of main sewage works under construction. * Roads 
_ and sewers for two nei borhoods. / Part of industrial area layout approved. # Layout of two neighbor- 
hoods approved. Trunk sewer from Harlow to Rye Meads (approx. five miles). , * About half the main 
reads in town construction. 4 Roads and sewers for one neighborhood. 


was then being approved at an ever increasing: rate. more and more 


~ building and civil engineering labor can ee to bear 0 on the e site, the hag 


By the very nature of their site requirements, most of the new nad mal 


4 are reasonably separated from other townships. In the Lo ‘London area the 
construction of regional sewage disposal works is likely to cause delay i in the 
rapid construction of some of the new towns. Hemel Hempstead and part of . 
Hatfield lie within the drainage area , of the Colne Valley Regional Sewerage 
7 Board, established before the war, and work on the disposal works and trunk 
4 mains is wellin hand. In the case of Stevenage, Harlow, and Welwyn Garden a 7 
> City, there were no ‘such project plans and it has been proposed that these 
+ towns and other towns in the natural drainage area shall combine to form he 


the Middle Lee Regional Sewerage Board. Crawley, Bracknell, and Basildon 

q 
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 Grawley | | | 436 | 240 450 
Gwmbrane..........) 18 | .... |... | 
Harlow............[ 4 | 1,473 | 102 | 468 | 140 | 660 — 
Hemel Hempstead...| 3 102 | 535 | 200 | 520 

; Newton Aycliffe’ 5 | 467 | 131 | 124) 210 | 270 ry 
Stevenage..........] 1 | 393 | 24 | 241 | 130 600 4 
* 

— 
— 
— 
— 
— 

| 
— 
— 
— 

al 
— 
— 


pre TOWNS 
(near London), Ayelifie and Peterlee fin County Durham), and East Kilbride 
in Wales 


— 


towns un ns under construction both for sewerage and water supplies. ae 


of an impounding to hold 1 ,200, 000 000 formed by an . 
earth dam, was begun in August, 1950. The cost of this project is estimated _ 
cat more tha than a million pounds, and it will serve both the new oe ona a " 

_ ‘The nationalization of gas: and electricity i in Great Britain and the formation — 


: 


=a the negotiations for the supply of gas and electricity to the new towns. New — a 
ae towns were often in two or more ‘statutory areas, and unification has meant a 
that ‘supplies’ can | now w come from one source with a reduction in 
and with unified | charges over the area. a 


the new towns it had been hoped to make use of district 

heating and at Newton Aycliffe (Fig. 5) the work of design had proceeded to bs 


the final cost estimating stage. These estimates showed that an average rs 


weekly y rental of about 9 shillings 4 pence would have been incurred all year, 
and it was felt that this cost would be too high. _ In consequence, district — 
heating for the entire town was abandoned. A ‘suitable boiler that could be : 
spared was found at royal ordnance factory, and it was proposed to use it 
<= a source for district heating. The boiler would have generated about Bs 
— 100, 000 lb of steam per hr at a pressure of 100 Ib per sq in. ‘The steam would ee 
have been fed through underground n mains running it in ducts to a ring main in 
rok the town. From this closed circuit branches would have been taken to five 
oo more substations where the steam would heat up the water, the condensate — 
cn being returned by pumps to the boiler house. The hot water would be cir- 
culated by pumps to the various houses and o other buildings at at a maximum aoe 
temperature of 225° F flow and 175° F return through a ‘two-pipe system we 
designed to be reversible. object of the reversibility was that during 
_ winter the water flowing i in one direction would have. entered both the heating = 
radiators and hot water calorifier in each house; ‘but in summer, when the fie, 
was reversed, the circuit: through the radiators would have b been closed 


by a special nonreturn valve, leaving only the hot water supply calorifier in +S 


etka East Kilbride (see Fig. 3) groups of from 200 to 500 dwellings w were a 
| to some heavier load such as a school and with hot 


— 
h 
a 
a 
Separate systems for sanitary sewage and storm water will generally be 
= 
3 
— 
— 
_ 
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with the first groups in operation a cost t of 
— about 9 shillings per week. Similar plans have been put into operation for . 
Fy about 800 houses at Glenrothes (location 1, Fig. 1). Gtk Need 
= may be found, therefore, that a modified form of district heating will a 
be possible where the density of development can be kept fairly high in the ES 


residential areas and these can be linked to heavier load 1 users. 


ne 
Roaps AND STREETS AND TRAFFIC 


traffic safety considerations in all the towns have led to a 
F pattern i in which main and local through traffic by-passes the living or working — 7 
ihe areas. These areas, in turn, ate connected to the through ways at a strictly lim- Pe 8 
ia ited number of access points, SO placed as to provide the most convenient and = 

shortest ot possible routes along the line of “drag. ” ‘The heaviest traveled routes _ 


4 
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= than a single lane of a width of 22 ft or 30 tt, and this will be phot 
f or bus traffic; there will be no occasion for parking on n these routes. Internal __ 
‘deighborhiood streets will have roadways usually 16 ft or 20 ft wide where my 
one act as collectors and less than that where they are purely “culs-de-sacs” 
me Investigations are proceeding to determine whether it is desirable to ‘con- a 
struct separate lanes to accommodate cyclists, of whom there will be large 
going to and from work. Itis likely that short lengths will be neces- 
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Research has led to ideas. in n design highways, 
es lighter forms of construction will be used than formerly. . Boil surveys 
have been made and the most suitable locations for the roads determined. 4 
Stabilized base courses will be employed where suitable soils exist as at Senet 


age. Construction of the first was completed at 


commuting will New stations usually will be a 

necessary, however, and these will be combined with postal sorting th 
_ Additional railway sidings will be required d to service the town, and some of — _- 


oF SUBSIDENCE ON Design AND Larour 


raises interesting questions: of programming. Under the site there are 
y i _ workable seams from which the coal is in varying stages of. extraction. “a 
mining geologist was employed to prepare plans and sections of the workings, 
* and a model was made to relate these workings to the surface of the ground, 


‘Structural engineers from ‘the Ministry of Works have also reported on the 
OM probable effects of subsidence on the design of foundations and mains. The 
area | is faulted and is: overlain by post glacial deposits of boulder clay 
a _ magnesian limestone. It is worked from three different pits, and when ex if f 
tracting the coal, barriers are left at the ends of the workings from each pit 
to prevent flooding from one working into another. The effect of these G 

“3 barriers and of the faulting a as underground w orking takes place produces” a k 

a complex movements on the surface of the groun ese movements are | . 2 

| ts on the surface of th d. Th ts 4 ee 

being studied carefully by releveling the-surface of the ground above the 
workings at regular intervals of time. As far as possible construction will 

_ be undertaken on sites under which the greater part of the coal has been i: | ee. 


4 extracted and after time has been allowed for subsidence to occur. Land ae 
will thus be released for development according to a plan prepared jointly by oe, 
and the National Coal Board officers. . 


geil Descriptive data eaitiate to the new towns pro projects i in Great Britain are 
. ik presented in summarized form in Table 2. Unfortunately it is impossible & 


such a as this. The | e three | plans selected for illustration are as follows: (1) A rs ,: 
London overflow town (Crawley); (2) a town that is dependent on an existing — 
industrial estate (Newton | Aycliffe); and and (3) a Scottish new town (East Kil- — 


i> ‘Crawley. —The London overflow town of Crawley (see Fig. 4) consists 


of the two scattered townships of Crawley and Bridges. Old Crawley ig 
of the 
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i 2 23). This will pass | between the neighborhoods until relieved eh a new 


‘ motorway to be built on the east. _ The principal industrial area to the north ~ 
_ will be accessible from either road. The central shopping area will be located _ ee 
of the existing High Street, exactly in the center of the town. There will be ee 

neighborhoods with populations varying between 4 and 8,000 people. 


The town is on the main railway from London to Brighton with a branch to ” : 


Horsham. The land north of ‘this branch line is very f flat, and some pumping 


Newton Aycliffe—The smallest of the new towns is Newton Aycliffe 
Fig 


. 5). It has no marked physical features, but is bounded on the east b by b + 
_ the ‘nd North Road and on the south by the Railway and ‘Trading Estate. + 


‘TABLE 2.—Basic Data, New Towns oF Great Burra 


Ew Anza, UILT- OPULATION 


‘Name Built- | Over- Hous. | Exist | 

| Nov. 11,1946} 6,100} 4,600 | 13.0 60,000 
|Jan. 10,1947] 5,920] 4,000 | 12.5 50,000 
Hemel 3 |Feb. 4,1947| 5,910] 3,945 | 12.0 60,000 
=| March 25,1947] 6,320| 4,255 | 14.1 60,000 
Newton Ayeliffe..... April 19, 1947 867 743 | 13.4 | 10,000 
East Kilbride... .... |May_ 6,1947]| 10,250] 2,700 | 16.6¢| 45,0002 
cs. March 10,1948 | 2,350) .... | .... 30,000 
|May 20,1948} 2,340/ 1,438 17.4 25,000 
_ Welwyn Garden City} 9 |May 20,1948] 4,230] 2,712 | 14.2 36,500 
Glenrothes. ........ =|June 30,1948] 5,730] 1,854 | 16.2 30,000 
11 |Jan. 4,1949] 7,834) .... | .... 50,000 
Bracknell...... ye 12 June 17,1949} 1,850 25,000 
13 =| Nov. 4,1949] 3,160] .... 35,000 
Corby. | April 1, 1950 | 2,500 40,000 


* Over- all Section persons per acre. > Average net density (approximate); persons per acre. . €Open 
space of all kinds, in acres fF thousand of ultimate population. ¢ From 7.4 to 36 persons per acre. 
_ From 16.6 to 18.5 over-all density of built-up area. / From 45 to 50 persons per acre. * From 45,000 to | 


opulation. 


professional sociologist was employed who worked with tt the architect-planner. 
: ~The minor road system will link the living a areas by a » rail underpass to the | 
q industrial area. Through traffic will pass the new town on the west and on 
east. The central area will be close to o all houses. _ The town will be — 
into five wards, each of about 500 houses, subdivided again into | precinct, 
Which are grouped around village greens without through traffic, 
ar. (3) East Kilbride—The first Scottish new town was East Kilbride (Fig. 3). - o 
_ It will have four main neighborhoods subdivided into four or six smaller areas — 
about 500 houses. Two are large enough to support 
primary school between them. Careful landscaping development is ‘proposed 
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that are retained as features. tree | nursery site has 
os acquired. Three industrial areas are proposed within easy walking o or eyeing 
- distance of the houses; two of which can have rail facilities. _A new central 


commercial area is planned, the existing village besoming a neighborhood ~ 


‘The writer is indebted to the Grenfell Baines’ Group of architects and 


7 town planning consultants, to Anthony Minoprio for making available sever al 2 
8 of the illustrations used in this paper, and to Oscar Faber and Partners for in- _ 


formation to Heating.” 
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W. Thomas Jefferson called large cities the 
t grow h of mankind. § ould large cities be dissolved? - Would such a step cf 


ass. 


possible under the conditions of: the modern way of life—a product of 
industrialization? The British answer to these questions is lucidly represented - 


in the ‘atin t8 provoking thoughts beyond the scope of the problem analyzed — 
with very few always grown naturally, according 


their inherent needs. Th Europe the “ ‘planned city” Was a rare flower 


planted by order of an absolute ‘monarch, two hu ndred years, no planned 


_ proposed by roel How ard,® who borrowed his ideology from Jean Jacques 
- Rousseau, the advocate of “back to nature.” The direct contact between — 
4 man and ‘mother is the ancient basis not of work life but 
he writer 

fenind full realization. Mr. Howard’s demand was ioe a unified city in eer 

_ the citizen, rooted in the earth, lives and works. ¥ The modern garden cities “A 
= those visualized by Mr. How ard were never completely self sufficient but ; 
were rather ‘ ‘sleep- -cities,” in which the breadwinner lived and rested for a short mas 
time after hard work in the city and tiresome commuting. . The demand for = 
harmony between work, housing, and recreation, which was fulfilled in idee 


industrial towns, cannot be satisfied in the modern city. dicey ae ake 
Great Britain did not suffer from a housing shortage as much as the other 
European countries. Nevertheless, its planners have been anxious to ‘unload? 
— its large c cities in the next 20 years by building 14 new towns: 12 in ———_. 
$ and Wales plus 2 in Scotland. The construction of eight new towns, around iy 
London, within a 30-mile circle is being planned, based on city development — . 
laws ia in 1946 and 1948. The planning agencies in London believe 
_ that during the coming 20 years, | 1,000, 000 persone will have to be resettled hto 
Lp When studying postwar city planning i in Great Britain, the history of city 
development must be kept in mind in order to recognize the planning developed | 
7 in an ideological rather than in a technical manner. ‘, Great Britain, foremost in 
industrialization at the beginning, suffered the most from the evils of industrial- ‘i 
ization. This explains why the extremely conservative English people finally 
promulgated laws causing a revolution i in the development of of their cities. ais q 
At a time when cities are ‘ ‘mushrooming” at an accelerated rate all over the 4 
q world, Great Britain decides to move in the opposite direction, away from the Sa ‘ea 
large cities, to build small, lovely towns rooted in the country bai ve the 16 Tie 
of the people living in them. edt be Bp 
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*"Garden City of To-morrow,” by Ebenezer 
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The aim n of the modern British city builder is is not the building of 9 city % 


with compass rule but the promotion ¢ and fostering of the organic 
growth of single parts of a great city that should support each other and . 


principle applies particularly to the planning of Greater London. 
-, Because of its unique position as the largest industrial and business center, the a 


: largest port, and at the same t time the metropolis of the British h Empire, the = x 
- City of London gr: grew at a rate out of proportion to the remainder of the British 
Island. _ It proved to be a loss for its citizens who first expected to profit from _ 


living in in a large city. The ‘Tecreation dwindled 


portation slower and more and the supply sy stem grew 


. intricate. The great city became the object of modern crises to a greater - 


extent th than any other contemporary community. vhs helena: a 
ey Forceful means cannot relieve this situation. To cure the accumulated 
evils is a long hard process for which a clear understanding of the inherent 


causes of these evils is the first prerequisite. te. In Lo London, _ the a area area was 
subdivided into four concentric 
od . The inside circle, containing the business zone | silk the port, with no 


housing to remain after complete reconstruction. Die 


The suburban ring, containing mainly qtisting } housing. ring 


~The outside ring—the area of new planning. Here’ the discussion 
_ centered on the question of w hether a uniformly t thin housing ¢ ora concentration a 
_ FF of houses at a few points is preferable. The ‘decision . was for the second eI 
4 alternative. These new developments would be either enlargements of ef 
es -, oa Planning and construction of these new cities is the > most interesting re ¥ 
most talked about part of— the reconstruction program. The city dweller 4 ou 
- would be able to form a relationship with the soil, form small units of human - 
society, and, with his neighbors, work, as far as feasible in the plants of hisown = 
community. means a return to the ideal of the ancient. artisan—working 
and living under the same roof. The relation to the city proper will be quite 
loose (although excellent communication is planned) with the relationship 
more & spiritual connection than anything else. This ideal town reflects itself 
4 in many planned ‘details: There. will be no multiple-housing skyscrapers, but r 
instead (in accordance with British tradition), two-floor, one- enlistees 
built in in ‘small units, each surrounded by gardens rather than in monotonous — 
endless rows, as found in some labor suburbs. — ~ Housing for 5,000 to 6,000 
_ persons forms a “unit,” and the layout of streets in such a unit prevents their 
_ use for through traffic. _A family living i in its house, away | from the city traffic, 


Aad facing its” garden and its neighbors, i is the final aim of the planning engineer. — a 
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residence of the King and the seat of the ‘government and ‘parliament. ri The 
city will remain the metropolis of culture and education, and the most im- 
portant business and administration center and harbor of Great Britain. 
enormous amount of work i is st still necessary to achieve this aim. Streets 
and roads, already | obsolete in Great Britain, must be 1 reconstructed to fit _ 
_ Greater London; airports and railroads must be modernized or rebuilt; many e 
buildings must be reconstructed ; and parks and green areas must be planted | Ne 


* make the inner circle 1 ring healthful and beautiful. pRIOS okie 


i is an | astonishing fact that the: preliminary work for this enormous 


Delay of the for many years led to a thorough analysis of the 
"problem. The design of new cities required | extensive studies” in ‘different 
directions—agricultural soil analysis, subsidence due to mining, ‘connections 
_ with existing road nets, water supply, gas, electricity, sewerage, and industrial ™ 
deve elopment possibilities, to cite only the main problems. FF 
‘The writer admires Great Britain for the fact that a radical change i in its” 


did not impede the continuous development of its” city 


finish tell 


; ‘should follow the leaisletive action, and that planning phases lag far behind. 

Under the austerity started only at a a small part of 
- the ring of new cities planned around London. © The slow construction pace — 
- helps 1 to ) eliminate ¢ errors that could be expected under a quicker tempo, and Mas 
- gives s plenty of time to try out new w construction ‘methods, but that does not help | 
_ people looking for housing now. In addition, the “ring of green” (ring 3) is 
being constantly endangered by unplanned building. om may be that the — iz 
responsibility for the slow development rests with the corporation in charge 
=... putting the program into effect—a corporation that is overorganized and | 

overlonded with personnel. heavy deterrent to new work is the “red tape, 

that even the smallest development must t be approved the Ministry. 


ization, having the right and ability to make ite own beabetter 

iy The idea ef real cooperation between all concerned , as emphasized i in 
2 British city planning, is excellent. This cooperation is not practiced only ‘ail 4 
i governmental, economic, and scientific | organizations, but is promoted among = 


citizens. The idea of having oye man at 


uses 


nous 
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Rg ofa self-contained town cannot be satisfied in the modern city. Itis undoubtly — 
a true of the British new towns that it will be impossible entirely to prevent 


prow 
COOTE ON NEW 


T. —Mr. Strickler implies that Ebenezer Howard’s 


commuting, and this will be especially true of the London new towns. How. 


ployed in the new town aie also lives there. nS grown-up daughter of his, 
however, might decide to teach somewhere else in the county and travel to 

“yr work daily from her home in the new town. In the case of Corby, Aycliffe, Ya 

_ and Peterlee, it is thought that there should be relatively little commuting. _ 

_ Another point made by Mr. Strickler is that the new town will contain ee 3 | 

tw o-floor, one-family houses, in small units, surrounded by gardens. This is 
Be cna true because there is an almost universal demand for the family house 
with a garden. _ The new town architects, however, are aware that this would _ 
result in a very monotonous appearance, and they are, » in fact, breaking the 
horizontal line by building a number of apartment blocks, varying in height = 

from ten floors at Harlow to three floors in Crawley. It is ‘thought that the 

_ demand | for apartments is not likely to be much more than 5% of the total 


to be provided. ‘There will also be story 
Shops on the street floor. Mew 


even the smallest detail is th» suggestion 
ministry. It is undoubtedly true that the speed of construction has lagged 
>. oa behind what was originally thought possible, but this must be attributed — 
first to the limitation imposed by the national capital investment program, 
ae and now to the need for rapid re-armament, which is affecting the availability — 
of labor in the new towns. For some time, the ministry has urged upon the — 

_ corporations the need to, submit proposals for development of rather ‘are 

~ pieces of land at one time, and at the same time, to avoid frequent reference to 

the ministry. — This would have the effect also, of giving the Corporations mc more 


ail Lei ‘Strickler has also referred to what he calls me) small size of the new 


- theirs size somew hat. . Both Basildon and Harlow will now take 80, 000 inhab- 
tants each, instead of the | 60,000 originally intended, and Crawley, may 
be larger than originally planned. 
The discussion by Mr. Strickler is appreciated. = 
a0 Senior ‘Regional Planning Officer, Ministry, of Town | ‘and Country Planning, London, England. 
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LATERALLY LOADED PLANE 
"AND STRUCTURES CURVED IN SPACE 


By FRANK BARON* AND JAMES P. MICHALOS,? 


irH DIscussION BY MUiersporr, Maurice BARRON, “AND 


‘ Syn OPSIS 


An analytical procedure is presented for determining effects of loods 


normal to the plane of such structures as arches, bents, and balcony ere 
b This procedure is called the “shear and torsion analogy. ” In addition, a 
‘lit pat re procedure i is presented for determining 1 moments and shears in structures curved ; 
2 4 or segmental in space and continuous between two supports. These structures — 
: 7 may be ‘subjected | to loads in any direction a1 and to moments about any axis. = 
age , The procedure i is general, and consists of an extension, into mroet of the shear _ 


Many curved and structures lie ina plane, are loaded to 

‘their plane, and are continuous between two wo supports. Arches, baleony girders, tal 
ar and bents are re examples of structures that r may be loaded in this \ way. Analyti- ==} ra 
eal studies of structures thus loaded have been conducted in the United States 
by Milo 8. Ketchum,’ Hon. M. ASCE, I. Oesterblom,* M. ASCE, Robert B. B. ee 
Moorman,®* ASCE, and Mervin B. Hogan.’ studies have been 


__ Nore.—Published in January, 1951, as Proceedings-Separate No. 61. Positions and titles given are *, 
_ those in effect when the paper or discussion was received for publication. _ 


a Prof., Civ. Eng., Technological Inst., Northwestern Univ., Evanston, Ill. 
2 Associate Prof., Dept. of Civ. Eng., Iowa State College, Ames, Iowa. 


The Design of Walls, Bins, and Grain Elevators,” by Milo 8. Ketchum, McGraw-Hill Book Co.,Inc., _ 
New York, N. Y., 3d Ed., 1929. 


___§**A Semi-Graphical Method of Analysis for Horizontally Curved Beams,” by Robert B.B Moorman, 
- Bulletin No. 29, Eng. Experiment Station, Univ. of Missouri, Columbia, Mo., i938. 


_ €Tnfluence Lines for Horizontally Curved Fixed-End Beams of Circular-Are Plan,” 
‘ Moorman, Bulletin No. 35, Eng. Experiment Station, Univ. of Missouri, Columbia, Mo., 


___ 7*Circylar Beams Loaded Normal to the Plane of Curvature,” by Mervin B. sol a 


_ ASME, Vol. 60, 1938, p. A-81. ob T te ‘el, 06. 
04 Beams Loaded Normal to the Plane of Curvature—2,”’ by Mervin B. Hogan, tid., Vol. 66 
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STRUCTURES 
by A. H. and E. G. Ritchie;? J. ret Pippard, 
M. ASCE, and F. L. Barrow;!*" Georg Unold;" and others. 
analytical procedure is presented for determining m moments and shears in 
a plane structure continuous between two supports. 
_ is subjected to loads normal to its plane and moments about : axes in its plane. y 
du may have any shape in plan and any variation in cross section along its 
_ The procedure is called the shear and torsion analogy. The expres-_ 


sions are somewhat similar in form to those of the column analogy," the results — 

in both cases being interpreted in terms of a pressure line concept. aes 
1a Some structures are continuous between two supports but do not lie in . 7 

plane. These structures may be curved or ‘segmental in space and may be 

Thee Subjected t to loads or r deformations i in any direction. Mi ‘Many y odd-shaped strt struc- 

- tures frequently used in urban freeway construction on are examples of such 
structures. Pipe lines are additional examples. Some analytical studies 
pipe lines have been conducted by William Hovgaard, A.M. Wahl, Ss. W. ‘ 

Spielvogel,!7 M. ASCE, and S. Kameros.'* This paper presents an analytical, 

procedure for determining moments and shears in a structure curved or seg- 

mental in space and continuous between two supports. The : structure r may be. 

_ subjected to loads in any direction and moments about any axis. In addition, 

it may have any shape in space and any variation in cross section along its — 

length. ft The procedure i is general, and for structures lying i in a plane it reduces | 


the shear and torsion analogy or the column analogy. 


Tue SHEAR AND Torsion ANALOGY 79 


In the analysis of statically indeterminate structures, the following eat 


«hehe Statice —For any structure or any part of a structure the sum m of the 


respective distances to any a axis zero. 


with the of ‘Basen any circuit thew sum pr the 
angle changes about any axis must equal zero. In addition, if the angle — 


— —--—--— 
Study of the Circular-Are Bow-Girder,” by A. H. 
Analysis of Engineering Structures,” by . A.J 8. Pippard and J. Baber, ‘Longmans, Green 
Co., New York, N. Y., 


“The Stress Analy sis Bow inde, "by A. J. . Pippard and and F. Barrow, H. M. Stationery Office 


2 “Der Kreistrager,” by Unold, 285, Verein Ingeni 
3*The a Analogy.” “by Hardy Cross, . Bulletin No. 215, Eng. Experiment Station, Univ. of 

4 “Stresses in Pipe Bends,” by William Hove vgaard, Transactions, ASME, Vol. 57 

; 8 ‘*Further Studies of Three-Dimensional Pipe Bends,” by William Hovgaard, ibid., Vol. 59, 1937, 

“16 “Stresses and Reactions in Expansion Pipe Bends,” aA. M. Wahl, ibid., Vol. 49-50, 1928, FSP-50-49 


“Piping Stress Calculations Simplified,” by S. W. McGraw-Hil| Book Co., Inc., New York k, 


of the Elastic-Point Theory to Piping Stress Calculations,” 8s. W. and 8. 
Kameros, Transactions, ASME, Vol. 57, 1935, FSP-57-10, p. 165. 
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changes alle the sum of the angle changes times 


Geometry n must be related to statics through the or prope 
: _ No uncertainties are involved in the requirements of statics — 
5 geometry. uncertainties, however, may exist in the relationship 
ee statics and geometry due to the characteristics of a material. 4 ae 


paper does not deal with uncertainties in the properties of materials. < It << 

assumed that the properties necessary for computing the relationships betw een oa 
5 statics and geometry are known. Furthermore, the effects of shear deforma- _ 

tions and of changes in length an element of a structure are 


negligible. If desired , adjustments i in the succeeding analy ses may be made 


In general, two classes of may be for curved structures 
_ in a plane and continuous — two supports. . These loadings are 
axes 


ly 
shown in Fig. 1(a) and are as follows: 
(A) Loads applied i in the plane of the structure and moments about 


normal to this plane. ‘This: class of loading | is considered in the 


‘Loads applied to the plane of the structure and moments 


axes in this plane. This class of loading is 
N in the section of the paper. 

For ca a. of loading, the forces and moments acting on a cross section te 


_ the structure are shown in Fig. 1(b) and are represented as vectors. . The sae 


changes, t rotations, s, and displacements : at a section of the structure are shown in 
be ‘Fig. 1(c) and are also represented as vectors. The sign convention used in this 
paper is illustrated in the same figure. _ Forces and moments are | Positive ona 1a 


o front face when they are in the direction of an axis. They are positive on a 
* back face when they are against the direction of an axis. The same sign con- 
vention is used for rotations and displacements. The angle changes srl 


_ adjacent cross sections of an element are positive when they are in the direction 
of an axis. The statical and are referred to reetan- 


— of moments along the 


. Check tosee iferrorse exist in the ne geometry 1 of the deflected structure. e 


ever, ‘must not errors in| 


structures. The final moments and shear at of the structure are 
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CONSIDERED THE COLUMN ANALOGY, 


THIS GLASS OF LOADING: 1s 


pes 


> oe ) LOADS IN THE PLANE OF THE STRUCTURE AND 
ABOUT AXES, NORMAL TO THIS PLANE. OF 


(b) FORCES MOMENT MOMENTS, ON, 


£20 


“DISPLACEMENT, 


ROTATION, 


‘OISPLACEMENT, 
ROTATION AT A CROSS AXIS NORMAL % THE 
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THIS CLASS LOADING IS PARTICULARLY CONBOERED THE 


) LOADS NORMAL TO THE PLANE OF THE STRUCTURE, 
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MOMENT, willow 38 bas 
BACK 


“SHEAR F ACE 


"MOMENT, 
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subscripts o and 7 are associated with ae assumed distributions and the ‘ 


correc istributions, respectively. __ 


consider the distributions of correction moments and shears. ‘Fig. 
shows correction ‘Shears and moments at a and ata section of 


‘marized i in the — The same structure is shown i in Fig. 20) but an n imagi- i 
Ml nary arm is . attached to an end of the structure. ™ This arm is introduced for 
convenience only. «dt is considered rigid aid extend- to a position that will be 
referred to as a centroid. The position of this centroid and the properties of the 
structure with respect to this centroid are defined subsequently. = Fig. 2(b) also 
‘a shows th the correction moments and shear applied at the centroid. By statics : 


as 4 the correction moments and + at a section of vanes eon are as follows: 


+ = ind 


on c is with the moments and at the 
A centroid | and with distances measured from the axes at the centroid. A An in- 
‘spection of Eqs. 2a, 2b, ‘and 2c shows that the distributions of correction | 

The of geometry are now restated. of the 
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The sum of the angle changes, times their Tespective dis distances to any | axis nor- 


mal to the plane, must equal zero: 
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i Fig . 3(a) shows the angle changes associated with assumed or correctio 
distributions of moments. These angle changes are represented as vectors. 
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are in Fig. 3(a). Since the angle due to the correction 
moments must balance those due to the assumed | moments, the 
~ 
+m 


rotations the axis— 


‘Maia Ly da, daz2 — day:z) + Myia - dayy 


om Ly daze + myo dey) ay) (40) 
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Moments ‘about one axis contribute to the angle changes about both axes. 
dazz : 


day: = 


~~ The terms da,, and daz, represent angle is about an z-axis due to ‘unit 
‘ Moments about the z-axis and the y-axis, respectively. . Similarly, and 


in and is to the: rectangular an element one unit in 
length, K,, and K,, represent moments about the z-axis and the y-axis, Tespec- 
tively. Each moment produces a unit angle change about the x-axis. In the eS 
=m way, , and K yz represent moments about the y-axis and the z-axis, 


be shown that Ky. = K,, and 1 = dazy. Thus, Kyy, are 
7 “measures es of the s aiGeun. of the element and for convenience are called stiffness 


factors. Algebraic expressions for these factors are given in Fig. 3(b) interms 
the normal and tangential ‘Stiffnesses of the el element. 
_ Now inspect Eqs. 4a, 4b, and 4c and observe that the unknowns in ol af 
— equations are the correction moments and shear at end A of the structure. 
‘From the relationships shown in Fig. 2, these equations may be written in = 
terms of the correction moments and shear at the centroid. If the distances 


and to the centroidal axes are now selected bax 


(Xv (Ye daz: — dazy) - Lire (Ye days — Le 

Lye daze + Myo — Lae (Myo + tee 

"Thus, the position of the centroid is so defined that if a shear, Uzic, is applied at te. Ny 
_ this centroid it does not contribute to rotations at end A. If the correction 

- moments and shear at the centroid are known, the correction moments and * 
‘Shear at any section of of ‘the structure may be obtained by statics. » Inthes follow- 
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‘ing, the form of the expressions for these is obtained concept 
z. that permits the interchange of computations of geometry with mat of statics. - 
‘=e concept is based on the definitions of a small angle and of a moment. — 


mi ‘4 occurs. ran moment about an axis is defined as the aes of a force and the 
normal distance to the axis. Thus, computations of geometry involving smal] — 


angles are interchangeable with those of statics. is formally stated as 


a @ An an angle change or waht about an axis aed be treated as a force 


A displacement. along an axis may be as a moment about the 


. of displacement. — (This generalized statement was made by Hardy Cross, 


Hon. ASCE, at Yale New Haven, Conn. 


= Consequently, ; in | computing tl the geometry | of a a deflected s structure, the rotations — 


This treatment may be visualized by reinspecting Fig. 1. 
oes From the foregoing interchange, the requirements of geometry for a closed Ni 
circuit lying in a plane may be restated as analogous requirements of statics. 
The analogous requirements are stated algebraically: 


4 Xz dp,)= (Ly — Le dpy)— (Cy — Lx dp,i) = 0.. 

- 4 Eqs. 8a, 8b, and 8c are equations of statics vena are analogous to the previous 
a equations of geometry (Eqs. 3a, 3b, and 3c). _ Note that the analogous forces | 
? associated with the correction moments must balance those associated | with a 
Iti is now convenient to ‘consider an imaginary strut that has the same shape 


“4 forces lying in the top aie: of. the strut. The forces are analogous to he 8 
corresponding angle changes assogiated with the assumed distributions ere 


‘4 


brs 


gous forces in the . Since a shear force is equal to a stress times 
m..* a corresponding differential area, the assumed moments may be interpreted a 
4 analogous shear s stresses in the top plane of the strut and the terms dazz, » Ay, > 

and dazy May be interpreted as the corresponding differential areas. Conse- 


‘ quently, the i imaginary strut may be considered to have directional properties. se 


ue are analogous to the e angle changes and Myi ~The forces 


ors 


an 
— 
, 
, 
— 
— 
— 
— 
q 
Therefore. the forces on such cross sections are analo- 
— parallel to this plane. 


are to the angle changes Myi day, = @yz. Thus, the 
a stresses on cross sections parallel to the top plane of = strut may be inter-— . te 
preted as correction moments in the real 
- oe It was previously | shown that the distributions of corr rrection moments 2 

. » but if an imaginary strut is loaded as in the preceding case and if the __ 

shear ‘stresses: section of the — are the following 


distributions of these stresses are also planar. expression, the 
first term represents an average stress due to a direct shear. and the second ~ 


term represents a stress due to a torque about an axis normal to the top — 
ed * of the strut, J, being the torsional moment of inertia about the z-axis. 


shear stresses in an analogous strut: ata 


Ye 


> 


computed by the ex expression: 


the: pee of Eqs. 10a, 10b, and 10c ‘must be so defined that the correction 
moments adjust for the errors in geometry due to the assumed distributions le 
moments. These terms were obtained by means of the equations of geometry, = 


Eqs. 7a, 7b, and 7c, and the relationships of statics shown in Fig. 2. iam, tae : 
All terms involved i in the analy tical Procedure are summarized i in 4(a). 


and P’, = P,. The terms P, and P, the relative rotations 
of one end of the structure with respect to the other. These rotations are due a 
to the as assumed distributions of moments and are treated as total shear forces in AR 
the top plane of the strut. Foran unsy ymmetrical structure corrections must be 
from P, and P, to obtain P’, and P’,, respectively. 


ow "inspect M.. In the ‘Teal structure, M, a 
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occurs at the defined centroid and is associated with the angle changes duetothe 
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distributions of moments. In the analogous strut, M, represents a 
moment of the analogous forces lying i in the top plane of the strut. This 

_ moment is about an axis normal to the plane of the strut and located at the és 

centroid of the strut. This moment may be obtained by first computing the oe 


moment about an arbitrary axis and then a as ‘ 
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FOR “ANALYSIS. 
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inspect the terms er the 
case of a symmetrical such a strectare is equal to zero; 
therefore =A, A’, = = terms A, and Ay "represent th the rela- 

tive rotations of one end of the structure with respect to the other due to 1 mo- S| 


ments of one unit about an z-axis and a y-axis, respectively. In the analogous 
strut, A, and A, represent t total areas. desired and may be inter- 
as measures of ‘stiffness. shear deformations along the axis and the 
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Thin term i is as follows: 
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7 due to a unit shear along the same axis. Since a unit shear at the centroid | x 
does not contribute to rotation of one end of the structure with respect to the nr 2 


analogous s strut, the expressions for and resemble the familiar 
Sei for moments and products of inertia. The term J, is similar to = 
Beryseoere for a a polar | moment of of ‘inertia except that Tayi is included. vie If desired, 
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ee oti sequal to that at the centroid. In Eq.l1l 
0; — Izy represents a contribution to the total displacement atend Aandisdue 
moments about z-axes resulting from the unit shear at the centroid. The 
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a MOMENT CURVES ABOVE ARE OBTAINED BY CORRECTING THE 
DISTRIBUTIONS OF MOMENTS CONSISTENT WITH ASSUMING THE 
20 ft- —50,000-(-15 670)=-34, 330 ft- Ib, 
=Myo~Myi * 50,¢ 000 -39,120= 10,880 ft-lb 
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hich indicates a convenient sequence iors computing the properties of the: 
a ture and the analogous forces. The final shear and moments at any section of _ 


the structure may be computed as shown in the lower part of the figure. _ The 


values of z, y tay, may be taken from any conv enient pair of axes. if the 


properties of only one half the structure and todouble thesums. In the analy te 

~ <a ical procedure : x and y were defined as distances to differential elements. ya ¥ 

segments of finite length are considered, z and y represent distances to ie 

centroids of the elastic areas da,,, dayy, and da,,. For a segment of 3 
a cross section, the c centroids of the elastic areas coincide with the centroid of the 

segment. 4 -Howeve ever, in computing I,, and it is necessary to add correct 
 jons tz, iy, and tz, to the values of y* da,z, z* da,,, and y da,,, respectively. 

_ These corrections are moments and products of in inertia of the elastic areas abo about 

their own centroidal axes. The resulting expressions as t2 +13 daz: § are 

_ analogous to the familiar transfer equations for moments and products me 
inertia. Fig. summarizes convenient relationships for computing values: 

— 

; of iz, ty, and izy of a segment oblique to the z-axis and the y- axis. NOTA! 

_ It may be shown that for a finite segment x, and y; are distances to the 

* centroids of the corresponding angle changes along the segment one not -“s 


tances to the centroids of the elastic areas. 


‘and K,/I may conv enience such 
si several ratios of K,/K, and for different slopes of a 


curves may be drawn showing values of K,/Kzy In the computations for the 


rectangular bent, values of K./Kyy vy and have been used instead of 
—1/Ky, and 1/Kez. Asa result all items involving dayy and da,; are in terms of 
«Ky. An inspection of the tabulation shows that i in the computations for mo- 
ments: and shear the quantities cancel o out. 6 also shows t the final 
fa curves of moments. _ These curves are drawn in two steps: First, the assumed 
- moments, and then planar distributions of correction moments. — Note how the Ta 
correction moments balance the assumed moments. This ‘balance concept 
lends itself to the dev elopment ofa sketching technique by which good esti- 
of moments can be obtained. The procedure may be considered an 
r extension of the pressure line concept as u used for an arch with loads in the plane _ 4 
the arch.!9.20 In addition, the concept ¢ can be used i in n problems involvi ing 
Wig. 7 shows an arch with a varying cross section and with a lateral load of | 
a one kip at the quarter point. _ ‘The arch is divided into tw enty segments whose A a 
horizontal projections measure 5 ft. The analogous moments of inertia and 


- products of inertia about the omtetiiel axes of the segments are neglected. — 


“*Continuous Frames of Reinforced Hardy Cross and N.I D. John Wiley & 
Ine., New York, N. Y., 1932, p. 289. 
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are taken as the tabulated the centroid of the he 
values of K./Ki8 at the’ various sections, and the relative values ¢ of K, are shown 


ina reinforced concrete arch. “Since J K,/K¢ is not constant, , it is now 
to tabulate values equal to, or proportional to 1/Kyy, and 1/Kzy. In 
this s example, proportional values were determined by the iiina: alae of 

. The final curves of moments are shown in the upper right- hand corner ae 

‘Fig. < a the assumed distributions of moments are balanced by planar 


distributions of correction moments. 
“Fs, 


‘ 


A or is presented, in this. section, for. analyz zing a a structure that is 


apap: between two supports but not lying ina plane. This structure may Pom 
have e any shape in space and any variation in cross section along its length. Tt 

' may be subjected to loads in any direction and to moments about any axis. 0 
x BD, Three orthogonal axes are chosen for reference, but no part of the structure need | pee 
lie i in the planes defined by these sign convention used i in this section 
ig the same as that used in the preceding section. As before, the effects of © 

shear deformations and a in length of an element of the structure are je 3 } 

in the shear analogy, an procedure consisting of 


cal procedu 
two steps is used. In accordance with this procedure the moments and 


== 
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stributions of correction moments and shears. Fig. 8(a) :- 
three correction moments and three correction shears applied to the 
‘structure. “These moments and shears are "projected in 1 each plane. The 
momenta © are about the z-axis, the y-axis, _ and the z-axis, and and the shears are 
axes which, for convenience, are centroidal axes. Six ¢ distances 
re used to locate the centroidal axes. The positions of these axes and the ° 2 


roperties of the structure with respect to these axes are defined subsequently. z 
each plane of two moments and a shear been grouped 
asin 


" "moment as as in column analogy. the relationships between ‘these n moments 
and shears, and the correction moments and s| shears at a section of th the ‘Structure, — 0 
are shown in Fig. 8(a). Note that the resulting distributions of 

be Woe: Fi ig. 8(b) shows rotations about the z- axis, the y. y-axis, and the z-axis, sali 

a displacements along the centroidal axes. _ Each axis of rotation has been chosen 4 
oun to. ) correspond with that of a moment as shown in Fig. 8(a) and each axis of i713 


displacement corresponds with that of a shear ar. The expressions for the rota- __ 
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correction moments. The expressions are similar to those of ‘Fig. 3 except +i 
_ three dimensions are now involved, and additional stiffness factors are intro 


CORRECTION SHEARS AND 
MOMENTS AT ANY SECTI 
(OF THE "STRUCTURE. 
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_ The stiffness factors for the general case of an clement i in n space and 
to the three orthogonal ‘axes are summarized in Fig. { 


«dit follows from the requirements of geometry that the angle changes due to 
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e correction moments must balance those caused by the assumed moments. 


7 From the relationships shown i in Fig. 8, six x equations of geometry mora y be writ — 


] axes are shown in 
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ten. Each ‘the « correction moments and the correction 
shears associated with 1 the centroidal axes. It is convenient, h however, to define 
the centroidal axes in such a » way that a ‘correction shear associated with one of 
these : does not contribute to about normal to this’ 
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ROTATIONS AND D DISPLACEMENTS 


sh “ee For example, a shear ‘Vee of one unit, contributes no rotation about: —- 
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3 and 14, 


‘The expressions for 2, and Os may y be obtained by Eqs 


The six six equations of geometry may now b be written as follows: 


= Mee + Aw + As. Mee + Sex Ure 
dy + Ayn Mye + Me + Su? tye — Py 


Mee + +4 A, Mee fat = 0 


_ in which the coefficients of the correction moments and shears are summarized — 


a 
shear , equal to one unit; and the term represents a along the 


 eentroidal axis with v,, and is due to a moment m,, to one unit. 
It can be shown that tz: = fez, tyy = fyy, = fz. term Jz, represents 
“ a displacement along the centroidal axis associated with vz-. This displacement 


is caused by a shear v,, equal to one unit. - It can bes shown that Aa = A,, and 
Intl the equations of geometry (Eqs. 15), t the P- -terms 4 and M-terms represent - 

op rotations” and displacements resulting from the assumed distributions of | 
B moments. For example, P, represents the total rotation about an z-axis. The — 
term  Tepresents a a displacement along the centroidal axis in the z- 
: " These terms 1 may y also represent unit rotations and displacements applied to the _ 
structure as in the Miiller-Breslau procedure for obtaining influence lines. 
addition, bond M- terms may displacements t that would occur a 


_ _The correction moments and the correction shear along the a one 
3 _ may now be obtained by solving the equations of geometry. Having developed — 4 


the expressions for these correction moments and shears, the designer can obtain 


the correction moments and shears at any section of the structure by the — 
4 tions of statics summarized in Fig. 8(a). The > expressions | for these shears and = 


moments are written in the following form: 
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: The ie - Eqs. 16 and 17 resulted from a consideration of the concept that 3 
_ permits the interchange of a rotation with an analogous force, and a displace- — 
ment with an analogous moment. In these expressions, the terms represent 

rotations resulting from the assumed distributions of moments and may be 


considered to represent analogous forces. The IM’-terms represent displace- j 


ments along centroidal axes due to the assumed distributions of moments and — 
ae may be considered to represent analogous moments. In the same manner as 
; before, the @’-terms and the J’-terms represent rotations and displacements 
caused by moments and shears applied along the centroidal axes. ~The expres- 
sions for these 1 rotations | and displacements resemble « expressions for areas and 
Wt Figs. 10 ) and 11 indicate, in tabular form, a conv enient sequence for comput- 
ing m moments and shears in a structure curved in space ‘and continuous betw een 
two supports. _ This form also serves as a summary of all terms involved in the 7 "7 
analy tical procedure. Inspection of these figures reveals that, in the special — 
ease of a structure lying in a plane, the expressions for the correction moments 
and shears become those of the column analogy or those of the shear and ~ 
torsion analogy. _ Inspection also reveals that all script terms resulted from ie 
_ introducing the t -terms and f-terms i in Eqs. 15. In numerical studies, the XK 
tterms and are negligible. such cases, the terms 


—Fig. 12 shows a structure consisting of three pris: 
: ioe matic members, each of which is parallel to a rectangular axis. This structure is 


fixed at ends A and D, and is subjected to two concentrated loads. The 


assumed distributions of moments are for a structure cantilevered from end A. . 


An 
a 
— | 
— 
— 
— | 
— 
— a 
— 
— 


8s shown in Figs. 10 and 11. Since the members are parallel to the rectangular 4 
be Be axes, many operations indicated in the latter figures need not be performed. bs 
For example, all operations involving terms written in script form may 
m4 omitted. In computing for segments of finite length the value of such a term ia 
as it may be be necessary to to add a correction (tz), to the value of 
_ This correction becomes necessary if the distance to each differential element a 
_ a finite segment is not the same as the tabulated y-distance to the centroid of the | 
segment. Corrections such as these may be computed as moments and oer a 
ucts of inertia of the elastic areas about their own centroidal axes. Computa-— 
tions for the final moments and shears at fixed ends A and D are shown at the © a 
bottom of Fig. 12. _ Final curves of moments may be drawn by combining the | ; 


‘assumed distributions of moments with 1 the planar distributions of correction 
If the effects of temperature changes a are of interest, moments and shearsin 
af the structure may be computed in the same way as indicated in Fig. 12. tke 
computations for the properties of the structure are exactly the same as before. 
ae _ The analogous moments M,, M,, and M, are again equal to displacements in the wee 
g-direction, the y-direction, and the z-direction, respectively. However, these 
terms now represent the dieplacemante of end D with respect to end A which o 
_ would occur if the structure was free to expand. In this case, the analogous 
_ forces - Ba: P,, and P, are equal to zero. The succeeding computations for i 
7 _ moments and shears in the structure are identical in sequence to those indicated icy 
in Fig. 12. If the segments are not parallel to rectangular axes, the general | a 
form she shown in Figs. 10 and 11 should be used. 


plane ‘structure continuous between two supports loaded normal to its 
- plane. The results may be interpreted in terms of a pressure line concept— — 
= that is, | the balance of angle changes in a closed circuit. - This balance may t be - 
~ conveniently checked by substituting computations of statics for those of ad 
It has also been shown that structures curved or segmental in space nae 
continuous between two supports may be analyzed by the methods presented ind 
under the heading, “‘A General Procedure for Structures Curved in Space.” ry 


@ The shear and torsion analogy and the column rypeieng are special cases 0 of this 


_ ms The writers wish t to acknowledge their indebtedness te to Mr. Cross. , It was 
ie who suggested that, for structures lying i ina plane and loaded normal to their 


plane, there is merit in drawing curves of moments along rectangular axes. a 
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ON STRUCTURES 


—The ingentons method of calculation in 
this p paper is of 
contribution to the science of of complicated structures, 
structures submitted to the action of lateral loads. 
‘The method seems to have only one disadvantage, and | that is, it implies - -. 
many purely mechanical calculating operations. Asa consequence there is the - 
risk that the designer may, so to say, lose contact with the structure and its — a 
mode of action . This may result i in possible errors of calculation going un- 
discovere ered until a relatively late stage. 
7 prs previously sated, the great merit of this method appears to be in noe 


con nspectus ond | in ‘many ‘cases the calculation. = ‘this ‘connection q 
the method of successive approximations may be suggested to be used in © 
accordance with the same principles that are applied when calculating the a 


action of loads in the principal plane of the structure. The method is partic- 


ularly suitable if the loads are stationary. In case of moving loads, or a 
line diagrams a are tol be drawn, the method by the authors 


by the authors . The writer has used this method in several instances, once 
even in the investigation of an arch structure in which the influence of jo 
structure also was taken into ‘consideration. The constants necessary 
for the use of this method are first calculated and thereafter a 
loads occur. This method, as well as the method of successive wepibancnaneartd 


may of course be applied to continuous systems. 
‘ Concerning arches, it is to be noted that by applying loads (especially .-« 


= a se it may y also be used for the type e of loads ee 


a between the arch 


the lateral deformations must not give rise to perceptible additional 1 ‘moments = 
as as theoretically such a system | is variable in reference to lateral as well as to 
vertical loads. _ If a deformation occurs perpendicular to the principal plane of 

the structure, , additional moments are caused even = loads i in the plane of the ae 


jen , just as a 


= 
— 
ig 
4 
3 
— 
— 
and the deck structure. As the latter generally has a great 
| considerable part of the load is transferred by it. However, 
inthis case the arch may be considered as the fundamental system, and it would 
ee 2 be very appropriate, in cases in which great accuracy is required, to calculate a. | 
— i 
arch may give rise to additional lateral loads. | 


‘Mavrice Barron, ad M. ASCE-- the he heading “ General F 


: for Structures Curved in Space,” the at authors outline a broad sonication 
of their procedure which includes ““* * * any shape in space and any variation > Mee 
in cross section along its length * subjected to loads i in any 

direction and to moments about : any axis.” — 

which covers all space structures. don. 
The skewed rigid-frame bridge and the skewed arch are space structures — 


and they are included in the category of “space 


The writer initially calls attention to the theory, equations, and method 

of analysis proposed in 1924" by J. Charles Rathbun, M. ASCE. The counter- B 
Bag of each stress and each redundant i in Eq. 12, and the elastic equations, — 


data,2*. 27 samples of design, and the which have been 
over 30 years may be used to > properly evaluate the the proposed methods. : guys 7 
important observation is immediately apparent. The authors assume 
- three axes in space which are mutually perpendicular (as does Mr. Rathbun). 
Elastic equations (the same as those proposed by Rathbun) are then 
~ written” and solved simultaneously to determine the redundant reactions. _ 
- Although this procedure is theoretically correct, it has been shown*.?* that 
the elastic system about each axis may be) treated independently.  Further- 
_ more, the elastic system about the X-axis is a primary one , and the elastic = a 
systems about the other two axes are of such a lower order that it is impossible .* ts 
i of to solve the equations simultaneously with any degree of confidence.*® The a 
z difficulty encountered due to small differences may not hold for the idealized — 
~ problem which the authors | present, but the writer has found™ that the ‘more 
— idealized the problem, the greater is the re in order between the primary 
elastic system and the secondary system. For ‘idealized problems most of 


> 3 : effects of the secondary system on the primary system vanish completely. . - 


The initiated analyst will recognize this important fact as a principle instead — 
of: parts : of equations which become insignificant (or vanish entirely) in the | 


ASCE, Vol. 
“Effect Skew ‘Ando on Reactions," by Walter Cc. , ASCE, 
Experimental Study of the Reactions of a Skewed Rigid Frame Bridge,” 
7 zB. Fisher, thesis presented to ‘The Johns Hopkins University, at Baltimore, Md., in partial tua Iment of 
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FRANK Baron® and James P. Micuatos,® Assocta’ ATE , ASCE. 
—tThe writers appreciate the constructive discussions of the paper. 3 
Milllersdorf has raised several questions of concern to designers. He seems 
to be disturbed that the procedure advocated i in the paper apparently has the — 
disadvantage of implying many purely” mechanical computations. 
disadvantage does not exist; and, contrary to Mr. ‘Millerdorf’s belief, the 44 a 
procedure permits the designer. to retain the picture of structural action. The 
procedure is flexible and meets the requirements of the designer as well as those | ) 
© the analyst. — ah ‘It lends itself to the conduct of either informal qualitative -- 
‘ lala structural behavior or of more formal quantitative : studies. For 
- this reason, particular attention has been given to the possible interpretations — a 
the various te appearing in the forn formal statement of the e analytical 
— addition, ‘the results are interpreted in terms of a pressure line concept. — aa 
_ procedure of sketching, similar to that used for an arch with loads in the = 
plane of the arch,)*.?° m may be developed for r drawing approximate diagrams of = 
“moments about the 2, y, and z axes of laterally loaded plane structures and 
structures curved in space. Such a procedure has been indicated in the | 
_. discussions of Figs. 6, 7, and 12. It consists of drawing the curves of moments E 
in two installments, First, draw a statically possible distribution of moments 
aM about the z, y, and z axes ces of the s structure. Such a distribution may be shown 
ig ae i three separate diagrams, each diagram being as associated with an axis. fas Then 
= draw a plener. distribution of correction moments and check the requirements 
geometry. A planar distribution of correction moments is represented 
straight one line in each of the above diagrams. The requirements 
a . geometry are satisfied if the angle changes associated with the moments are 


4 


structures in which the influence of the deck structure is to be taken into 
- account. For such cases, the additional requirements of geometry must be __ 
- considered. hy In certain cases the procedure can be used i in obtaining t the addi- 
tional moments caused by changes in the dimensions of a structure. ao A 
additional moments can be obtained by a numerical method of successive a b 
approximations provided the computations converge and are not in 


2 ‘The writers are not in agreement with Mr. Barron’s interpretation of the = 


continuous The procedure | can be used in “studies “of 


computations for such structures as indicated 
previous studies of skewed rigid-frame bridges or skewed arches. 

Barron calls attention to the theory, equations, and methods of of 

a proposed in 1924* by Mr. Rathbun for the analysis of skewed rigid frames and 


Prof., Dept. of Civ. Eng., Technological Inst., Northwestern Univ., Evanston, Il. j= = 

ars i # Associate Prof., Dept. of Civ. Eng., lowa State College, Ames, Iowa. __ ee coi 

a _ % “Effects of Lateral Loads on Arches,” by James P. Michalos, Journal, ACL, Vol. ahem. 
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arches. Although a facsimile of each ond each redundant in 
: a Eq. 12 and Kq. 15 may be found in in corresponding equations of Mr. Rathbun’ en 
4 ‘paper, the resemblance is purely coincidental and ceases at that stage. . The 
facsimile occurs since in each paper six equations of statics and six equations 
of of geometry are written. Barron’ ren remarks concerning the re resemblance 
are subject to > possible misinterpretations. The writers did not set up 4 
simultaneous equations and solve them solely to obtain the redundants 


skewed frame or arch. = 


determining moments and shears in a structure curved < or segmental in space a 


x in . space, any variation in cross section idee its length, and it may be ree at 
to loads in any direction and moments about any axis. The procedure is 
general, and for ‘structures lying in a plane it re reduces to » the Hardy at 

; column analogy or to the shear and torsion analogy of the paper. eee Seroj 
objections to the assumptions and limitations listed by Mr. ‘Rathbun 
. “for the analysis of skewed | frames are removed ai and d if the relationships be between 

P moments and angle changes’ for a skewed element are considered acceptable, 
the skewed rigid-frame and the showed arch can be classified as special examples 
of “structures curved in space.” ’ In that « case, the concepts s and tabular forms 
the writers’ general procedure are applicable to the analysis s of “such 


-<hameebeiaiien of a material. It was assumed that the properties nmeieg- 
for computing the relationships between statics and geometry were known. 
a the use of the general procedure i in the analysis of skewed rigid frames or ao 
arches, it is then desirable to summarize the acceptable relationships between et 
moments and angle changes of skewed elements in space. 
Mr. Barron’s further remarks leave the impression that several problems of ae 
anes remain in obtaining solutions to the six simultaneous equations ee. 
- geometry. It is emphasized that the philosophy and the various concepts a 
in the paper are independent of the precise analytical procedure. 
The concept of the pressure line and the concept that permits the interchange — 
computations of geometry with those of statics were employed by the authors 
- in stating, restating, and obtaining an an algebraic solution to the six complicated = a 
been simplified to a purely arithmetical, ‘task. In addition, the designer’s 
_— task has been simplified. For his needs as well as : those of the computer, na 
term of of the analytical procedure! has been interpreted and restated. However, 
by means of the ‘concepts introduced in the paper, the designer should be 
enabled to visualize the important aspects of structural action, to inspect the 
impor tant variables, and, if desired, to obtain quick and reasonable estimates of _ 
quantities involved without the necessity of conducting lengthy arithmetical a 


Lehn. The problem of algebra c concerning the sensitivity of computations caused — 
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“not exist in the nor to the indicated Mr. Barron. Iti isun- 
fortunate that Mr. Barron’s conclusions concerning the sensitivity of such 

computations have been ex extrapolated from experience with the analysis of 


skewed frames or arches. In connection with this point the following is 


wea. 


aun The precise analysis is purely arithmetical. In the analysis any con- y 
venient set of rectangular | axes can be chosen any statically possible 
distribution of moments can first be assumed. It sl should be obvious that the 
better the guess, the smaller the correction, = 
on 2. The numerical 1 example in Fig. 12 12 is ‘not : at all an idealised problem. 
is a bent in space, e, such as may be necessary for s supporting urban elevated | 
freeway construction. It is observed that bending about all axes is important. ‘ 


Consequently, greatly unbalanced stiffness ratios ‘oxiat. 
The effect of such unbalanced ratios on the da values and on ‘succeeding 
computations can be seen by inspection of the tabular form. . The inspection 
would indicate which operations could be neglected without materially : affecting | x 
Bi results. This only emphasizes the versatility of this method of analysis. be, 7 


In conclusion, | the a analytical procedures « can be formal or informal. — They aa | 
q 


can be numerical or pictorial and can be exact or approximate, depending on 


the of the person conducting the 
ae 


ae 
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TRUSS DEFLECTIONS BY THE 


ow 


By HAN J. M. 


“Wir Discusst0x BY “Messrs. L. Maven, anp Kuanc-Han 
‘The method presented here is ‘an algebraic solution of the. Williot-Mohr | 
diagram. — By suitable arrangement i in tabular forms, and by adopting a set of 
simple sign conventions, the work is minimized in such a manner as to oe a 


pes (the method of virtual velocity o or dummy unit “0B may be used to 
_ find the movement of a single point in any direction; but to find the deflections 
at many points by this method is rather tedious. The elastic weight method 7 = 
(which has many variations and different names, such as the “influence line” 
i method, the “bar chain” method, and the method of “angle changes’) may be 
t to find vertical components of deflections of the e joints on a continuous 
chain of bars in a truss. si Although the method can be modified to determine is 
+ the horizontal components of movements by finding the influence lines due to a v 
horizontal unit load, separate calculations must be made for the vertical and = 
horizontal eomponents. "To find the true movements of all the joints of a a truss, a 
the elastic weight method may require as much time as the virtual work method. a 
The W ‘illiot-Mohr method is is the only simple. direct procedure which | determines | hae 
4 the true (absolute) movements sof all the truss joints. a Howe ever, the method i is a ae 


in selecting a proper scale in ‘orientating the diagram. “The method d pre- 
r has named the “coordinate method “a is an alge- Rio 
braic solution of the Williot-Mohr diagram. Its application is simple and 
a rapid. Vertical and horizontal components of deflections can be determined 
“ae simultaneously for all the truss joints; and it can be carried to any degree of j 
BS accuracy. The letter symbols used in this paper are defined where they first b 


appear, in the text or by illustration, 


Nore.—Published in January, 1951, as Proceedings-Separate No. 54. 1 Positions and titles given are Bae 
those i in effect when the paper or discussion was received for publication, 
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318 COORDINATE METHOD. 


PART I. PRINCIPLES OF THE METHOD AND W ORKING 


AuceBraic SOLUTION oF THE WiLLIoT D1aGRAM 


<ailhes 5 be the change of length of any me member , caused by stress, temperature 


Pr vom error, or deliberate « change in manufacture. If the change i is caused by 


in which S is the total stress in a member; L is the length of the a s 2 
a the cross-sectional area; and E is the cats of elasticity of its material. The j 
symbol 6 should have a plus sign for elongation and a minus sign for s 


Abe the displacement of one 


of a member, caused by the axial change © 
length 6 of the member in its displaced 


4 


Position. any member PQ, such a 
displacement i is designated as Apg if the 
/ _ displaced position P’ of end P is known 
/ (wee Fig. 1) and as Mop if the displaced 
position Q’ of end Qis known. In Fig. 1, 
Q: and P,Q’ are parallel and equal to 
the quantity Q Qir represents Apo; 
aie and P,P’; represents Agp. The defor- 


other A is a vector and 6 is a scalar 
7 displacement A for a member is determined by th the following conditions: 
 @ Its magnitude is is s numerically equal to the deformation | 6 of the member; z, 
oa (b) Its slope is the : same as the original slope of the member; ant Mey: 


+ 

(ce) Its direction depends not only on the sign of 6 but also on the pally a 
position between the end whose displaced position is known and the end whe whose '= 


The displacement. Aci can an also be: defined by its component and y- 
™ magnitude of each ‘component i is determined by conditions (a) ar ind (b); an 4 
the sign of each component, by conditions (b) and (c). The y-comipeney al 3 
_ y-component of any displacement Apg are designated as (Apo): and (res 


ie ‘The following rules are suggested for the determination of the signs of +8 


wo, 

wie 
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Wi Rule I.—When the displaced position of the left end of a member is known, - = 

- the components of A should bear signs depending on the sign of 6 and the slope a 7 


| 


of the member a as shown in Fig. 2(a), in n which +6 means that the bi is ene: 
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I I. —When the position of the right e of a member is 
* the A-components should bear | signs depending « on the sign 1 of the deformation 6 de 
and the slope m of the member as shown in Fig. 2(b), 
Rule ——When the displaced position of the “upper end of a vertical 
» member is known, the y-component of A should bear a sign depending on the Ae 
sign of the deformation 6 of the member as shown in Fig. 2(c), ees. 
Rule 1V.—Whexu the displaced position of the lower end of a vertical member 
js known, the y- component of A should bear a sign depending on the sign of the 


corresponding deformation 5 as shown in Fig. 2(d) & 


is 


Fess Generally, i ina given t truss, the new position of fany joint can be ern aa 
‘ by) means of a pair of bars, this joint is connected with two other joints whose ~ a7 = 
4 _ displaced positions have been determined. (The new position of the joint  . 

& located at the intersection of the ares drawn wi with the known n new positions of a0 
- ‘the , other two joints as centers and the new lengths | of the connecting bars oe 

q q “radii. ) Assume a bar to be fixed in direction and one of its ends to be Sued in 

position. ‘The displaced position of this end is its original position. The 

displaced position of the other end is known when the deformation of the bar i is 
Thus there are two points of known displaced begin with 


Based on the rules. given the s signs of A- -componente all 


. members in a given truss can be determined | easily. ‘Fig. 3 illustrates all the 


> » 


possible. cases. Although actually ab, Fig. 3, is the member of fixed direction 

} and point a is the fixed point, it is assumed that member ij is the fixed member 

and point i, the fixed point. As point j is the left end of member ij, Rule aS 
(with — and a positive slope m of member ij) confirms that the z-component 
the y-component of A;; are both negative. ir: 3: 
Consider first the ‘members on the right side of member With ‘the 

: eae positions of joints i and j known, the. displaced position of joint k | can prt 

be determined as it is connected to joints i and j by the members ik and jk. a 1 
~ Since points i and j are left ends of members ik and jk, respectively, Rule I is pa 


used for determining the signs of 4-componente. The same process is repeated 
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» components of Aim and Ac, are given by Rules III and IV, venpestiealie, asends © 
land o, determined by previous steps, are the upper rand lower ends of member __ 
Im ond member on, respectively. _ The signs of the components of Aj, are 
by Rule II as the known wn end p is the rightend. 
. a Similarly, the s signs ns of A-components for members on the left side of member _ 
ij can be determined. In this case Rule II applies to all members except verti- _ 
als. Also, with the displaced positions of joints e and f known, the displaced , 
a osition of joint ¢ or joint d cannot be determined as neither is couneeted to points 
_ eand f by two members. Hence, a false member ef is added. The vag nd 
length of member ef is given by the relative movement of points c and f. 
8 relative movement can be determined by virtual work. ei In using that sited ' 
the only members that need to be considered are those forming the quadri- 


" lateral efde. After the false member is inserted, the analyst proceeds as usual. 


ve 


a 


for all members except verticals, on the right side of the 
A 4 ‘assumed to be fixed in direction if it is inlined or r vertical, or on the : right ‘side of 
the assumed fixed point if the assumed fixed member is horizontal, the signs of — 


Let the joints on ag given he A, B, Cc, etc. c., and let their displaced 
positions (corresponding points on the W illiot diagram) be A’, B’, C’, etc., 
' 4 ‘respectively. — Fig. 4(a) shows a part of the truss; and Fig. 4(b),. a part of the 
WwW illiot diagram. ~ Let joint U be assumed + as fixed i in position. . The origin of © 


. point U, Fig. 4(a). For any point P, the coordinates are designated as z'p and 
P. These coordinates: represent the of the from 


all the members on the right side of 
— 
— 
— 
| 
we 
oo? | 
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Let UV be assumed as fixed i in one of its ends, U, 
is fixed in position, z’y = (Avv)z and y’ v = (Avv),. W ith the displaced ne 2 
positions of points U and V (U’ and V Vv’ kn known, the displaced positions of other 


_ Consider a general case: A joint I Pi is s connected to joints | Q and R wc the ea 


point P with the displaced positions (Q’ and R’) of Qand R know vn. 
- “that joint P is disconnected. Consider the movement of end P of member QP. 
First joint P moves to point P,; the displacement PP, is equal to the displace- — , 
“ment QQ’(U’ in the Williot diagram). Then point P, moves to point P’;; the 
displacement (Q’ in Fig. -4(b)) is equal ‘to Aap which is parallel to 
member PQ. ‘Then joint P’; moves along an ue with the new position of Q 
(point Q’) as center and the new length of PQ (line P’,;) as radius. 
similar manner, end P of member RP moves first to point P., then to point bens 
Py, and then along an are with point R’ as center and line RP, as radiua, 


< The meeting of the two arcs determines the displaced position std of joint P. 
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the are of rotation is replaced by the tangent which is perpendicular to the 
e Il Let the coordinates of P’, and P’, be y’, and respectively. Then 
cod 
— 
in of H 


< ar should have proper signs. Let the slopes of members PQ and PR be m, ‘enh’ 


"Ms, respectively (slopes according to usual sign convention). _ The equations of a 


— 


Solve 4 The coordinates of P’ ‘(that is is, 


2 y ‘p), representing the ‘components of the displacement of P, 


= 


£«=™e/ 
— - (if o, then = 


«Kgs. 5 are to possible cases. The special cases — = and 

—, 

m, = © apply to horizontal and \ vertical members, re respectively. 
For the practical solution of the problem, the procedure is as aioe _ 

Compute : record on each member in the truss diagram the values. 4 


Mark’ the member ‘that i is s actually (or assumed to be) in 


(+ for elongation and — for shortening), = 


Draw another tr truss diagram and record on the following: q 


i* (@ The slope m m : of the member and its reciprocal value, 1/m (plus is OF 
minus aceording to the usual conv ention.) | 

p —@) Vertical and horizontal components of A, with signs according to step 2. rg 

Write the formulas to be used if necessary. yt sult any 

“9 ly 5. Applying Eqs. 2, 3, and 5, compile a table of the form described i in 1 Part 
ALGEBRAIC | OF tHE Mour DiaGram AcTUAL 
DISPLACEMENTS ‘Tame Jomnts Rei 


ie, Five general principles f for the solution ¢ of of the Mohr diagram are | as follows: 


<ltvenalale 1—Let F be an 1 actual fixed point and let its corresponding pint 
n the Williot and Mohr diagrams be F’ and F” 5 , respectively. Then F’ and F” . 
_ tany t truss point P ind its corresponding points on the Williot and Mobr 
spectively. 
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respect to or be 2’ pp, y'rp and pp, , pp, respectively. If the Williot 
i diagram is started from an assumed fixed point U instead of the actual fixed | Vee 
point F and the coordinates of P’ and P” with respect to U’ are 2’p, y’ P ee 


P, then the relations can be be established: 


= + = ty"? (6b) 
if the Wit dap starts trom 
the actual fixed point F, then 2’p = 2”p = = 0. 
Principle 2.—Let point M be constrained to in a fixed 
one The direction of motion may be given, such as the case of a roller; or it may be 7 
determined by known conditions, such as the case of the crown hinge of > me 
arch. Let M’ and M” be its corresponding points on the W ‘illiot 
and Mohr diagrams, respectively. Then point M” can be located when the 
e aid Consider first the case in which the direction of motion of point M is given. 
According: to the principle of the Mohr diagram, the actual movement | of point | or 
Mi is represented by the displacement from M” to M’ (that i is, M” M’) which | si 
‘ ‘is along the known direction. The displacement M” M’ is obtained by the S 


vectorial relation M” M’ F’ M’ — F’ M” in which F’ M ’ is the displacement 


of point M with respect to point F as given by the Williot diagram and F’ M” 
the rotational displacement of point M about Point 
mI Hence point M” should lie on the line through po point M’ and parallel to the - a. 
_ known direction and it should lie on the line (are) through point FE’ and perpen-— “bd 
dicular to line FM. Let the slope of the line of known direction of motion be v f 
ms and the slope o of the line normal to that direction be m'., » then ris ee 
The sustain of point M” can be found by euntyind Eqs. 5 with the 
coordinates of point M’ as the coordinates of point as 2's, y's, the ag 
= slope m', as my, and the e slope of line FM aS M2, 
* Y af Consider next the case in which the direction of motion is determined by a 
known conditions. For example, a three-hinged arch is shown in Fig. 5. 
. _ The usual graphical method of finding t the movement of the crown hinge is as 
y follows: Beginning at a common point a’,e’ (because points a and e are given 
_ fixed points), two Williot diagrams are drawn for two halves of the arch—one Ke 
:: for the left half, assuming that line ai remains vertical, and the other for the 
right half, assuming that line eg remains vertical. The positions of points “—_ 
and d are given as points and d’, respectively, i in the Williot diagram. 
aM ever, c and d represent a a common point; hence c must lie on the line (are) “ 


as e’ and nee to ac and d on the line (arc) ee d’ and 
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points c’ and d’ known and the of lines. ed giv , the 
coordinates of the common point c’”’,d’” can be found by applying Eas. 5. Ye 
Referring to the common origin a’,e’ as F’ and the common point or of 
} M’”, then FM” represents the true ie movement of the crown hinge. _ The slope a 
of the n normal to the to the displacement F’M’” can be determined by its components . - 
PM”, and M’ PPM”, of components referring to F’ as follows: 


given direction of motion, the of points and can be 


mined. For instance, the coordinates of point ce” can be found by applying 


Eqs. 5 with the coordinates of points ¢’ and a’ as 2’), and 2 x's, y's, 
tively, and the ‘9. as my and the slope of line ac as 


diagram with respect ‘to point aii with point F’ 


rm are own. _The coordinates and 


in the truss diagram: with respect to the and horizontal axes 


a y’ FM’. 


tide 
: (In Eq. 9, , angle 6 is considered as positive when the r rotation i is counterclockwise. a . 
7 | Consider a radius vector FM with positive slope (that is, tem and yru are 
positive) rotating about its left end counterclockwisely_ y_ through an 
angle 6. The displacement of the right end as represented by "(an are of 
:“¢) ‘Totation considered | to be perpendicular | to the radius s vector) will be upward — a 
(Positive “M",) and toward the left (negative F'M”,). Hence. the sign for 
the term Seal y/trM is positive and the sign for the term F Pe 
coordinates of truss points with respect to F can b be written directly 
"consulting the truss ‘diagram. However, sometimes it may be convenient to. 


alculate these coordinates successively from point to cal If Q and z are ms 


on the Mohr diagram (corresponding to point c’ on the Williot diagram) must 
bndicular to ac, and on a line through c’ parallel ign 

ion as given by a’c’”. Similarly, point d” 

oe 
hit 
Pollawine the same nroredure os established for the nrevinns case with anoint 
— 
— 
— 
= 
Calleulate the “angl 
e the “ang jgformula: = 
> 
| 
iim 
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in 


h are projections of the length of the 


<5 have algebraic : signs with respect to the vertical and horizontal axes through | a 


a _ The rotational displacement for any point about F is equal to the 2 


oy pp = FP", = +6 TEP... 4 
are on the same prineiple as Kq. 9. 


Knowing the values z’’rp p and y’ the x’ y” p of the 

_ with respect to the assumed fixed point U’ can be determined by Eq. 6b. | 

—_,, 4.—The actual movement of a point is given by the vector ac 
— corresponding —_ on the Mohr diagram t to ) the corresponding point on the 


respect to point Hence, for any point P, the components of the actual ‘move- 


ment are P’P’, as given by the following formulas: 


6 ‘certain special cases, ‘the algebraic solution of the Mohr 
correction diagram can be much simplified. Let and U; be, respectively, 
i ae lower and upper panel points of an ordinary ' truss, in whichi = 0, 1, 2, 3, . ro 
Ds wee If L, at the left end is a fixed point and i. at the right" cad is movable in “ae 4 


ee” G If, in in addition to the foregoing conditions, the lower chord i is horizontal ae 


Be ee upper chord U,U; in the panel h-¢ (panel length = Lal; and h = ¢ — -) 
has a slope equal to post also being considered ai as an upper chord), 


oe in which (U,U;), is the y-projection of the length U,U; bearing algebraic signs = a 
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“COORDINATE METHOD 


= 8 


_ ASSUMED 


FIXED POINT 


4 


: 


7 


— 

Eqs. 13, 14a, and 148, r instead of 
’ , Tespectively, the following equations may be used: 
| (15a) — 


—. 


“Tf, i in to the conditions, the truss a horizontal upper 


hich ™ Leo 1S the of the end post at point L.. The actual movements 
all the aforementioned cases are Eqs. 
x-movement of L; = (L” 70) 


y-movement of L L; = = a), = =y y” 

z-movement of OW 70% = Ui 
vement of U; = (0”;U%), = y’vi ‘Us 
PART IL, ILLUSTRATIONS AND TABULAR FORMS 


» g oa To illustrate the p principles stated in Part I, an example and several tabular 


_ forms are presented herein. The general method of solution will be ss sennsaall 

4 first and some special cases will be discussed subsequently. we, 2 7 
An EXAMPLE FOR THE GENERAL MerHop OF SoLunion 


— 


Consider the three-hinged arch shown in Fig. 5(a). . Itis required to find 
/ the deflections of the joints under the loading shown in the figure by the coordi- 


—The | 5-components, the load, 


For simplicity, the 


are assumed to be « toa K for all Hence, the 6- 


RSS are coefficients of K and are equal to the stress components. ty Esa 


Step 2. Sign Gonsentions: —The two halves of the arch on the left and 


fh 
— 
— 
— 
— 
— 
— 
5 
the dimensions of the t 
| 
| 
— 
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COORDINATE METHOD 


“empestive bars fixed in direction (see F anit Note the different sign conven- | 
tions for A- components used for the left and the right t sides of ofa member assumed — 
a as fixed i in direction. (In this example, there i is no such exception as the | 


: Step 3. Slope Fig. 9, observe the change from the 
: signs of 6-components to the. signs of A- components. 
mi? ie Step 4. Formulas.—Kqs. 3 and 5 are used for the algebraic solution of the 
illiot diagram. For example, _Teferring to Eq. 2a, ‘an... 
and similarly for Eqs. 2b, 3, and 5. 


a For the nght side of at and eg the left side of bone 


cae 


q 
a: 


= 
| 


=42 


= 


( 
a 


‘The actual ‘ed points and the points that ‘move in directions fixed by — 
conditions are designated F and M in ‘subscripts, respectiv ely. point 
= ais fixed in position, the coordinates of a’, item 1, are 0 as given in Cols.4and 8. | 
‘Since line ai is assumed to be fixed in direction, the coordinates of i’, item 2, bie 
are the z-component and the y- of These components are 


— 


a2 

per 
— 
— 
— 
— 
— 

nd 
nes 

— 
— 
— 
— 
wo 
| 
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igs COORDINATE METHOD q 
ss With ‘the coordinates of a’ and i’ known, point b’ can be located since b is — a. 
- connected to points a and i by the bars ab and ib, respectively. _ Referring to 
Col. 4, the z-value of i’ plus the z-component of A;» in item 3 gives 2’; in item 4, _ 
Ds value is designated x’, in apply me Bek. “4 Col. 4, Table 1, is headed = i 


= 
—_|_— 
| +420 «| -1 

+2 43/4 


| 


bad 


| 


+42.67 
—S—— 

441.33 

+18.00¢ 


d 
[-25.43] X -7/3 = +59.33 
-43.00 | 


™ 


—68.43] « 


ay 


_& 


oad /2 


25057 | —4 | 16514 | | 85.00 
b 


[+5504] = 4 |[-+230.64) x -1 = —230.64 


104 
[-33.84] x = X+9/8=-1445 


| 


+ | 
goto 
On 


a? a Subscript F denotes fixed joints and subscript M denotes points that move in directions fixed by 
_known conditions. » From Col. 8. ¢ From Col.4. 4 Since 1/m: = = 2’: and this item is the same 
as the item above it. *Since m = @, y = yi and this item is the same as the second item above it. 


without any y subscript because the column is not restricted to values of # vs - 

Other notations like m1, ms, and used in this section have 
- similar to z’;.) This value (item 4, Col. 4), multiplied by 1/m for line ib in 


Col. 5, gives in Col. 6. ‘The a-value of point a’, plus the z-component of 


s 


— 
‘ 
—— 
— -. | 
— 
2 | | ed 


COORDINATE METHOD» 
: 


a’ is zero. : x in item 5 is then multiplied by 1/mz for line b 
n item 5 to produce x’2/me in item 5, Col. 6. The values 2’; — 2’ = 


and a3,.,.%9 are recorded as item 6 in Cols. 4, 5, and 6, respectively. “ia he aides 
procedure i is used to obtain y’; — y’2, — M2, and m, — M2 y’2 in item 
_ Cols. 8, 9, and 10, respectively. — The value in item 6, Col. 4, is then carried 
to item 7, Col. 10, and it, plus the value of my’ in item 6, Col. 10, Gives the r 
entered in item 8, Col. This value is — 2's) + (my’ — my 
and it is divided by my si ma, the value in item 6, Col. 9, to produce the y-value P 
for point b’ in line 8, Col. - Similarly, the z-value for point b’ is determined - 
and entered i ‘in item 8, “Col. 4. 
‘With the ‘coordinates zandy y of points b’ and i’ known, point h’ can iti’ 
located. _ The z-value for point b’, plus the z-component of A», in item 9, Col. 4, Seer 
gives 2’; in item 10, Col. 4, The values in Cols. 5 and 9, item ‘10, need 
explanation. The value 2’ 2 in item 11, Col. 4, is known to be the 
of Ay. However, it is to be noted that the ratio 1/mz for the member ihis ©. _ 
Therefore, z for point h’ in item 12, Col. 4, is the same as 2’; in item Lal —«Simi- 
larly, the y-value of point h’ is determined. | 
With z and y of points h’ and b’ known, point can be located. Again, 
mes: _ referring to Col. 4, the z ‘;-value in item 14 is obtained by the addition of the en, 
-value of point h’ in item 12 and the z-component of in item 13. The 
value in item 17, Col. 3, is obtained by the addition of the z’;-value of point b’ 


(from item 8, Col. 4)i in item 15, Col. 3, and the z-component of A,, in item 16, ay 4 

Ge ol. 3. This step is shown in Col. 3 instead of Col. 4 to avoid confusing thi Fike in 
a _ step with the next. | _ Then the z revalue i in item 17, Col. 3, is carried to item 17, kee 
Col. 4, and it is subtracted from 2’; in item 14, Col. 4, to give 2’ 1- — 2’, in item rae 
18, Col. 4. Col. 7 for y serves the same purpose as Col. 3 for x. Follow 
usual procedure to obtain the z-value and the y-value of point c’. 
at hosp anew from san e’, locate zon g’, d’, and f’ in the same manner as 


ik 


in item 30 to obtain the value 2 in item 34. The value 2’; — 2’: is 
_—«“Recessary f for computing y’ in item 36, Col. . . However, i in the case of a joint a ¥ TE 
Such § as h, which is located by one vertical bar and one horizontal bar, neither 
— a's nor y’; — ys is necessary (see items 10 to 12). 
“Step 6. Algebraic Solution of the Mohr - Diagram.—The computations for 
‘the rotational correction of the Mohr diagram are carried out in Table 2, which ne | 
is based on Principles 1, 2,and 3 (under the heading, ‘Algebraic Solution of the ae 
_ Mohr Diagram and Actual Displacements of Truss Joints”) in Part I. Its 
form i is almost the same as that of Table 1, although Cols. 3 and 7, being unneces- ye 
sary in this example, have been omitted. The coordinates of point ¢’” in 1 Cols. 
| and 8, item 5, are determined according to Principle 2 stated in Part : Item ape: - 


6 can be omitted for this example because the origin of the Williot diagram i isan 


- actual fixed point. _ However, when it is not — fixed, the z-component 


— 
— 
— 
to 
lz 
: 
| 
if 
4 
a | 
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} 


ems 5 and 6, Col. 4, and eae, Col. 8, respectively. 


ratio 1/mi in item 8, Col. 5, is the reciprocal of item 8, Col. 9. _ The coordinates 


of point « c” in Cols. 4 and 8, item 13, and of point d” i in Cols. 4 and 8, item 20, 
_ are determined according to Principle 2 stated in Part I. Items 14 and 15, 
é and items 21 and 22, serve the same purpose as items 6 and 7 i respectively. a 


2.— ALGEBRAIC SoLUTION OF Mour Dr 


4 
—33.84 X = $45.12 —12844 X -3/4 = +96.33 
+55.04 X +12/11 = 460.04 | +230.64 X 411/12 = 4211.42 
8888 | | 1492 | | 
‘or e’d’” [-0.7932}, 
455.04 f 43.66 4230.64 | —1.2607 | —290.77 
1-9 24) X -1.8841 186.98 —2.1774 


33.84 | —0.7932 


£ 


7500 


From Col. * From Col. 4. ¢ Based on Eq. 


4 coordinates of the point of known direction of motion, M, with respect re the 
fixed point F (that is, the projections of line FM) should have proper signs, © For 
example, from the truss diagram of this example, point dy is on the left side of 
the point er; hence, z Zea in item 24, Col. 4, is negative. cae 

_ The actual movements of the truss points are computed.i in Table 3, which 

“is ibe on Principles | 1, 3, and } 4, stated i in Part I. - Either Eqs. 66, 10, 11, and 


> 12a or Eqs. 6a, 10, 11, ona 12b may y be used. The coordinates for a point i in the = 
ten truss with respect to the actual fixed point are trp and yep recorded Sg 


— 3 tre 
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— 
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ig 
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OO Cols. 4, Table 3. 3. ‘These coordinates can be written directly by consulting the 
- * “truss diagram, and Cols. 2 and 3 can be or omitted, although they may be used for 
convenience, or as a check. The projections of the length of a member should | = 
have proper signs with respect. to its starting pc point. For e: example, e, te, starts 
from point c and the truss diagram shows that point h is on the left side of 

‘point c; hence, is negative. Table 3(b) this value given in item 4, 
«Col. 3, ules the value z,, in item 8, Col. 4, yields the value z,, in item 4, Col.4. | 
5, ‘Table le 3(a), is for -6 yrp whereas Col. 5, Table 3(b), is for + 6 

_ For convenience, the @-values are entered in items 1 and 6, Col. 5. — These 


spaces are available as it is not necessary to enter the values : and 


for the actual fixed | points as they are ‘me zero. 


TABLE 3.—Comruration or A Movmanrs or Tavss Por N 


~ 
Column No. Eq. No. 


(alternate) 


7 “(alternate) 


8 (alternate) 
’ mare paul Note: The alternate headings should be taken together. 


ie 
(Ea. 11) |\(=v’rp)|(Ea. 126) 
| 
+16 =72.18 4100.57 +172.75 +12) +54.13 —25.43 | —79.5 
-—99.24 +55.04 | +154.28 +24) +108.26 | +230.64 |+122.3 
+28) —126.31 —42.00 | +84.31 13 —68.43 | —122. 
+28] —126.31 +128. 31 0 
+12| —188.10 —33.84 +15 $4.26 -16 —250.80 |—128.44 |+122.36 
+18} —282.15 +64.00 | +346.15 | ... |+16| +250.80 —56.89 | —307.69 + 


--- @Col. 7, in the standard form, is not needed in the solution of the present example as z’p = 2’ Fp ay 


q For Cols. 6, 7, and 8, Table 3, either the of headings tn 
alternate heads at the top of the table should be used. The values z’p and y’p 

“are copied from Table 1. For the; given en example, either Col. 6 or Col. 7 may 
omitted. However, if the origin of the W illiot is not the e actual fixed 


are coefficients of = = L/(A BE) which i is assumed to be the same for 
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he ‘= aa 
a. 
— 
0, — 
— 
ne fy — 
— 
— 
oe 
41h | ch 
— 
vend — 
— 
— : 
— 
4 


truss deflections by the coordinate ‘method. The procedure can 

_be applied to any special case. oe However, for some cases, the a algebraic solution 
of the Mohr diagram can be much simpliged. In certain cases (such as a a 


Bree member, « or a truss with ‘supporting conditions as shown in Fi ig. 2 using sab 
instead of ij as the fixed member), no Mohr diagram correction is needed and the 
coordinates of the points on the Williot diagram will give directly the © Z-compo- . 


nent and the y-component of the true movements of the joints. 


i. "ied Consider the case of a truss which satisfies the following conditions: q 
@ The left end L, (Fig. 6) is fixed; (b) the right end L, is movable only in the ai 
horizontal direction; (c) th the lower chord L, La is horizontal; (d) the upper chord — 7 


Meo®" 


ett tet 
ae 


Fis. 10. —F oRMSs FOR CoMPUTING THE MoveMENT oF JoINTS FOR ORDINARY PARALLEL Cuorp Trusses 


is also horizontal; | the panels are of equal length. val After 


4 15a and the value a’ is obtained by applying Eq. 16; that is, 
Le = Me 6” (in which Meo is the slope of the end post at point L.). * Leh es 
~The actual movements of the points are re computed | by application of Fig. 7 a 


‘The values in Col. 1 are to i ty example, the value for 


= 
— 
= 
— 4 
— 
| 
— | 
| 
| 
— 
| 
b oF 
— il 
— ‘ 


Lo a8 shown by Eq. ‘The value oly y” in Col. Fig. 10, is equal to the 
(y’’1s)-value in Col. 2 as by Eq. ‘Add. The values ri, y’ Liy 2’ Vir and 
in Cols. 7, 3, 7’, and 3’, 

solution of the Williot diagram. The value of x’ ‘ri is equal to Le according 
a to Eq. 14a and it is entered at the proper place in the heading of Col. 6. — The 

value of z’’y; which has been obtained in Fig. 10(a) is entered into the heading © ” 

of Col. 6’. The actual displacements are given Cols. 6, 4, 6’, and 4’, Fig. 10, 

which a are 0 obtained by. applying Eq 40 


ons 


Fia. 11 THE MovEMENT oF FOR CURVED Trusses 


If the given truss" conditions (a), (0), and (c) but not conditions 


@ and (e), then the solution can be worked out as follows: 
Compute the value of ll by Eq. 13—either directly | or by adapting a table 

- with four columns similar to the first four columns in Fig. 10(a). Then 
_ compute t the actual movements of t of the e joints | by the tabular forms shown i in Fig. Noe ‘ 
ll 7. Fig. 11(a) applies to the lower chord points and Fig. 11(b) to the upper oy 4 
chord points. These tables are based on Eqs. 14and17. Fortwoconsecutive 
points La and the value of in item h, Col. 7 the e+ 
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=| 
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he 
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to 
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of the chord UU; shown in the truss as s recorded 
a Col. 6’), or r by multiplying the value 6’ L,L; in Co 1. 6 by — mq given in 
Col. 6’. The value m,; is the slope of U,U;, and (U,U,), is its y- projection, 
_ which should have the same sign as m.-: when point U, is the left end of member _ ; 
U,U; The values in Col. 7’ are the same as those in Col. 7. The coordinates 
of L’; and U’; given in Cols. 3, 8, 3’, and 8’ are those found by the algebraic — 
solution of the Williot diagram. The components of the actual movements gy 
truss joints are given in the Cols. 2, 9, 2’, and A - 


The herein is an equivalent | of the graphical 
method known as the Williot-Mohr diagram. The sign conventions suggested a) 
are easy toremember. The formulas to be used are rather simple in form; and _ 
they can be transformed into simple operations arranged in tabular forms. For “a 

a rather ‘complicated problem, not more than three forms of tables need | be ‘a 
ool hen io designer is familiar with the operations, he can forget allthe = 
The of truss deflections is important because it has 
vig in many cases such as cambering, erection by the cantilever method, 
ee analysis for indeterminate trusses, and the computation of secondary stresses. a 
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Maver, 2 M. “ASCE —An interesting and accurate solution for the 
ee eg: problem of ‘determining the movement of the panel points: of tri- a 
angular trusses is presented i in this paper. The method provides an algebraic % oe 
_ procedure that corresponds to the graphical solution obtained by use of the aaa 

OW illiot-Mohr displacement diagrams. fact the calculations involve the 

= ‘determination of the coordinates of the various points in the Williot and Mohr a 

expressing the components parallel and perpendicular to the 

members in equation form. By means of such equations the successive 
ea of motion that any point undergoes because of the change in length ey 

.s the various members can be determined. Undoubtedly many engineers += - 

% will prefer such an algebraic procedure to» the graphical solution, although it a 


is doubtful if any person can fully understand the algebraic method that is 
_ presented unless he is able to use the Williot-Mohr diagrams. Mr. Chu has — ee: 
shown that, once the sign convention is familiar, the ca calculations can be — ive 
Pies In many practical problems: it is not t necessary t to determine both coordinates 7 Pa, + : 
‘for every joint but only the vertical displacements of some points and the 
be horizontal movement of others. . When this condition exists, the writer prefers — 
the application of the virtual | work theorem in its most general form. As” —— 


“a 

sti hen the displacements of any two sitaen of a truss are known the move- 
- ment of a third point can be obtained by applying the virtual work principle | = 

to the simplest stable assemblage of members connecting the three points. 

_ This generalized concept of virtual work was developed in detail in a: 
M. Megahid in 1948. application of the principle | 
virtual work to the manhilom that Mr. Chu has solved by analytic geometry will | Pe 
‘aos If the vertical displacement of point b in Fig. 7 is known, then the Saitete 
movement of point i can be calculated by considering the virtual forces shown a ak 

in Fig. 12(a). ‘By the principle of virtual work the work done by the external = ? 


4 virtual forces acting through the real displacements must be equal to the 


work that is obtained from the internal virtual forces acting through the actual. 


change in length of the members. For the forces shown in ‘Fig. ‘12(a) 


ee ‘the change of lengths given in Fig. 7. this equality of external and internal — 7 
Bi 


gives 1 X is + 2.33 by 42.0 + 1414 X 59.4 + — 1.67 X 


_-*Prof., Civ. Eng., Univ. of Michigan, Ann Arbor,Mich, 
= ‘The Free Main System,” by M. Megahid, dissertation presented to Fouad I a Gise, 
” in nas in partial fulfilment of the nese for the degree of Doctor of nee ee 
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CHU ON ‘COORDINATE METHOD 


es . +40. It the value of b, is 79.6 downward, then the value of i, is 5 is + 2.33 


= 


Re a. 79.6 = 59.3; and i, = — 126.4. The minus sign indicates that the dis-— a 
the hor is opposite in direction to the assumed oe 


r The horizontal displacement of point b can now be Atenniesd by means of. a 
4 - the virtual forces in Fig. 12(b). Again the external work of the virtual forces 4 
in Fig. 12(6) acting through the actual displacements in Fig. 7 are equated © 

to the corresponding internal work; thus: 1 X b, :— 0.571 X 126.4 = ~~ 0. mt + 


4 


aa a — 42.0 + 0.715 X + 40.0 + 0.810 X + 59.4, from which 6, = 172.8. 

ve The vertical displacement of point is easily determined by means of the 
virtual forces shown in either Fig. 12(c) or ‘Fig. 12(d). If the force system ie 
Fig. 12(c) is used, the following equation is obtained: 1 x Cy —-2X7964+1 — 
42.0 = 1.12 X — 47.0 + — 1.12 X +738+-—-0.5 X — 1.414 


+59. 4+ 1.0 x 42. 0, from” which Cy= 122, 7 (upwar the force 


vi 
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a solution by the principle of virtual work, 


Kuanc-Han Cav J. M. -ASCE.—The apprcites the comments 
ae by Mr. Maugh and his introduction of Mr. Megahid’s method. T a 
method can be used advantageously for problems in which, as Mr. Maugh BR 4 ¥ 
- is not necessary | y to determine both coordinates for e every joint of a truss but is 
-_ only for the vertical displacements of some points and the horizontal movement ~ ; 
- of others. 1 The method involves a few -members of the truss a. and only on one — id a: 4 
convention. However, Mr. Megahid’s method becomes: tedious when ‘the 
displacements of many joints are needed, as it is necessary to find a new stress t . 
pattern for each displacement of each joint although only a few members are 


involved. The Williot and Mohr method has been proved useful for 
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gous 


and it is discussed in ‘detail by Mr. in his bookt 
because it ‘provides an extremely practical method for the determination 
of the. actual movement of all joints.’ The w writer’s method inherits the advan- 


writer’s riiethod i is an algebraic one one and therefore, can can be to: any desired 


After discussions had been formaily closed, writer’s attention was 


te a discussion submitted by Mr. Yen-chi Lu of the National Taiwan ‘University 

China). Since it was received too late to be processed as a formal 

4 discussion, two main points brought out i al this 4 discussion that ams a noting a 
Lu recommends that the magnitude and the signs of f the componen 


in 5 ade dor i is the angle that the bar QP makes with the z-axis through | the — 

«starting point Q in conventional orientation—counterclock wise aS positive 
Signs of A components are automatically _ sigs f 
determined and the four rules as cated 
by the writer are unnecessary. 
_in actual applications, the writer’s method 
“may be more expedient than Mr. Lu’s 
re ; because i in using Eqs. 18 one has to watch | 
. carefully the signs of 6, cos ¢, and sin ¢, and 


then carry out the multiplication to 


mine the signs of A components. In the 
writer’ 8 method, the signs can be deter- 


mined by merely following the rules as 


13.— 
easy to remember and express the mathe- = @ 


Th case the actual tual displacements: of the point M of 
motion, YW’. and ,, are known, Mr. recommen 


Structures,” by L. C. Maugh, John Wiley & Inc., Ne w York, 
Pp 
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Kgs. 19 can k can be derived f from the writer’s s Eqs. 1 12. Inthe example g given 1 by the 
writer, = F'M”,andF’M’, = F'M”,. Therefore, the coordinates of 


points d’’y can be determined as in Table 4. . Thus, items 


"TABLE 4.—CoMPUTATION OF COORDINATES be replaced by the six 


as show n in nTable 
ae. oint rhe | 4, which is a material 


ts presented, Mr. 
+5508] arte +230.64 Lu also proposes atable 
{-99.24]) (Item 9) - — (item 7) | [+108.26) form and gives  equa- 
_ tions involving rigono- 
_ metric functions of ¢ 
| 415428 (99.9 38 based on the same prin- 
16 | | 12844 ciples as outlined by the 


a. ‘Mr. Lu’s equations are essentially the same as the writer’s but more - 
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VALUATION. AND DEPRECIATION I RELATED me 


A 


By MAuRIcE R. SCHARFF,*M. ASCE 


Vit Discussion BY MEssRs. AND 


depreciation of existing oublic utility plants is emphasised i in this paper. = 
An example is cited to show the effect of income 1 taxes on comparative e annual | =: F 
costs of two ty) pes pes of power plants. ‘Equations a are presented to expre sthe 
relation between value and income tax. In effect, ‘the inoome tax} is ay 
to an | charge o on n the investment. Lene ah. 


computation of 
serv ice 2 value depreciation i is developed for a hypothetical 


Previous discussions of the valuation and depreciation of public utility — 

- properties® have suggested logical methods of determining these amounts by te 
computations of present worth of reasonable earning power. A review of the. 

— solutions offered has led to the recognition that it is } necessary to give specific 
“effect to income taxes in such computations. To the same extent and in some- 


ont in Inrropuction ati ig: ais | 


what the same manner this consideration enters into engineering-economic 


comparisons of alternative projects. Logical procedures can be developed 


which will give full recognition to the influence of income taxes on these aa 


Before to the of the depreciation of 
= utility property, the importance of income taxes in engineering-economic op 


__ Nore.—Published in May, 1951, as Proceedings-Separate No. 69. Positions and titles win are i 
_ those in effect when the paper or discussion was received for publication. 
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comparisons can be illustrated by an example. Iti is that a 
. : : is to be made between a hydroelectric plant with a transmission line and a steam- 


“power plant as alternative methods of of providing a a capacity of 100,000 kw and . 
supplying 450,000,000 kw-hr of energy per year. The cost per kilowatt of the 
hydroelectric plant and transmission line is assumed to be $500, and the cost per — ' 
kilowatt for the steam plant i is assumed to be $200. . Assume further that the 
rate > of return to be earned after i income taxes is 6% and that the c: capital io i 
either project wie be provided in the ratio of 50% in bonds paying 3% and 50% "4 


a oy in capital s stock. _ The capital stock, then , must earn 9% after i income taxes i in, . De 
order that the average return on capital may be 6%. Assume also that. (a) 
“aa the operating expenses of the hydroelectric plant and transmission line can be _ OF: 
q 2 _ taken at $4.00 per kw per year; (b) the fuel cost for the steam plant is $0. 004 oe 


“per kw- hr; sand (c) the other produetion e1 expenses s of the steam plant are $6.00 per 

Then if depreciation i is computed on n the 6% sinking-f fund basis for 80 years 
in the case of the hydroelectric plant and for 40 years in the case of the steam 


~ 


— the comparative annual costs exclusive of income tax will be as follows: ee pe 

ciation rates for income tax purposes is neglected and if income taxes are deter- ok. 

= mined on the basis of the foregoing returns, less bond interest only, it would © aig 

theoretically be necessary to add to the annual cost $1,500,000 of income tax 

at an assumed 40% rate. This added sum is the amount that the owner of the __ ry 

~ _ hydroelectric plant would have to pay to earn a taxable income corresponding «. = 

a net income of $2,250,000 after deducting $750,000 bond interest. re 

ae. Bay ve Similarly, the $600,000 income tax that the owner of the steam plant would have 4 

q to pay in order to earn a taxable income corresponding with a net | income of E “ | 

——-- $900,000, , after deducting $300,000 bond interest, must be added. The total ‘? age 

< cost, including income tax, on this basis would be $4,929,000 for the hydroelec- 

. we tric plant compared with $4,329,000 for the steam plant, indicating that, from - 2 

the point of of the rate- er, the steam is more economical bys 


si, - limited to the “ne totals. (plus i income tax) and if income taxes were com- 3 
ee _ puted more realistically on the basis of the aforementioned sums of depreciation — 

return—less straight-line ¢ depreciation over 80 years and 40 years, respec- 
ts tively (neglecting salvage), and less bond interest—the resultant income taxes = 
would be $1,102,700 for the hydroelectric plant and $352,700 for the steam plant. a 
<a On this basis the total costs would be $4, 531, 700 and $4,081, 700, eee 
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INCOME ux le 


eas 3 The writer has suggested previously’ a formula defining value as the present 


worth of the earning power of existing 1 utility at reasonable rates. 


in which £ is the | ot of the most economical facilities; A, is the annuity a wae 
I yeni rate of return (R) whose peasant worth for the capitalization period — 
_ of the most economical facilities is 1; O. is the operating expenses of existing — 
0, is the operating el of most economical facilities; P, is the 


worth at rate of an annuity of 1 per year for the future capitalization 


period of the existing facilities 


—}; : and A, is the annuity at rate R whose © 


1 ; worth for the period of thee existing facilities equals 


bay 


ti The a by Eqs. 1 is incomplete in that it fails to give 
effect to the relation of income taxes to the valuation and depreciation of public 
utility property to which reference has been made previously. The total i = 
feasonable revenue corresponding with the economical cost of rendering the 
spy service must include income taxes necessary to earn the required return on the pa =f g 


cost of the most economical facilities. — / The in income taxes necessary to earn a 
! corresponding return on the value of the existing facilities must be provided out ty 
of these reasonable revenues, in addition to operating expenses, depreciation, — vie 
ts _ For any given situation in which sete structure, bond interest ‘rate, and + 
income tax rate are given, the i income tax is equivalent, in fact, to a specific 
additional fixed charge on the investment. J If the ss saving in income tax due to 
the use use Of § straight-li line depreciation { for i income tax purposes is neglected and if 


ol the income tax is based on return less bond interest, such additional fixed aaa er 


“4 
(2) 


a Ba. 2, is the in income rate as a net income after 
bond interest; Ris s the ‘rate of return expressed : as a percentage of total invest- i . 


_ Inent; B is the ratio of bonds to total capitalization; and ¢ is the interest rate on Dn oe. 


3 bonds. Fore example, if I is 40%, Ris 6%, B is 50%, and iis 13%, the income tax a rie : | 
“Valuation and of Public Utility ¥ by M. R, Scharff, Transactions, ASCE, 

114, 1949, p. O14. 
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ical tion peri 
to furnish economical col 5 plus 


of dollars) | dollars) | 


0.08760 
Structures and improvements 4 3,500 60 0: 08947 
Boiler plant equipment 0.09657 
Other power equipment ( 0.09104 
Producer gas equipment. 00 (0.09496 | 
Water gas generating equipment... 0.09406 
Coal, coke, and ash handling equip- : ; 

ment 

Gas reforming equipment 

Purification equipment 

Residual refining equipment 

production 


Total production plant. . 


and regulating equipment. 
Services 


$383 


House regulators 
Meter installations 
6 


| 


Structures and improvements 

Office furniture and equipment 
Transportation equipment.......... 
Stores equipment 

Shop equipment 

Laboratory equipment 

Tools and work equipment 
Miscellaneous 


Total plant in service 7 + cnt 


q Estimated. » Assumed sa or existing facilities except Pray 363, for which total cap italization 
r land excluded this value is . 4 With land excluded this value is 0.097. ¢ With land excluded a 


Bg 


‘On this the of an existing property ‘affected by obsolescence ¢ can 
be expressed algebraically, either in a form corresponding to Eq. 1a, the method — 


«Valuation and Depreciation of Public Utility Property,” by M. R. Scharff, Transactions, ASCE, Vol 
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322 |... 
Indefi 0.08947 637 
366. 34,200 | 28, Indefinite | 0.08760 
— 8 |S — | = 
379 period ¢ 
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— tment. If I is 38% a | 
hows 
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INCOME TAX a 


Annual oper- Amount 

ating expense} available 

Radi poe by | for capital- ization 
Col. 7 | most eco- facilities 

facilities Lo | | pl + Col. 12 
of dollars (thousands | (thousands > ~ - (thousands 

of dollars) | of dollars) = of dollars) of dollars) 

— (13) (14) 


Service | AccruzD 


6% for existing 


4 
333. 602 


00118 


6. 09328 
0.10118 
0.11260 
| 0.09449 
| 0.10118 


oy 
0.08760 
0.09126 
0.08760 


0.09293 
0.08985 


BON 


Bl 


3 


a 
— 
= 


| 
= 


6.3 
5 
3 
3 
2 


conga 


: 


Indefinite 
«0.146 
0.12655 


— 
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period of existing facilities is 80 years. ¢ Col. 6 times Col. mae 4 As service value of existing facilities. pine * With 
0211. 4 With land excluded | this value i is 0.195. * With land excluded this value i is 0.200. : 


.e or, more simply, by the equivalent expression. (compare re with Eq. 1b): Nedlieeac 


_ On the other hand, if the effect of straight-line depreciation on income tax is - 


(3a) =f - ‘taken into account, and if L, is defined as the service life and total capitalization — 
ne , period of the most economical facilities and if L, is defined as the remaining life 
ont future capitalizatio n period of thé existing facilities, then the ratio of income 
n the two cases. = For Ge most economical facilities, ie : 
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ta 
INCOME: 


an example for = 40 years with consta1 nts the same as then a 
= 1.764% with a 40% income tax rate or 1.622% with a 38% income tax 
ate Using t, and ¢, for these expressions, the value of an existing property. 


ae by obsolescence can be expressed ine form analogous to Eq. 1a: : 


for ease in computation by the equivalent expression (compare Eq. 


_ Asa matter of interest, the application of Eq. 3b (neglecting the reduction of 
income tax through use of straight-line depreciation for income tax purposes) to 
i the example of the “Hypothetical Manufactured Gas Company,”* has been 

calculated using a capitalisation of 50% bonds paying 3% interest and 50% i. 
_ stock and having an income tax rate of 38%. The result of the caleulation is is At 
shown i in Table 1. ¢ It will be noted that consideration o of “theoretical” income _ | 
. tax results in a total service value of the existing facilities of $48,695,000 com- oe a 
pared with $46,969,600 as previously cited. . Furthermore the ratio of accrued 
depreciation to the cost of reproduction new of the | existing plant is 18.8% if __ 
iad is included and 20.0% if land is excluded. Ignoring income taxes, the Hs 
corresponding ratio of accrued depreciation to cost of aw was 
21.717% if land was included and 23. 104% if land was excluded. 
A similar computation, giving consideration to “realistic” ’ income tax, aia 
the application of Eq. 5b, has also been made, which yielded a total service = 
value of existing facilities equal to $48,857,000 compared to $46,969,600 com- 7 
puted without considering income taxes. The comparable ratio of accrued ; a 
_ depreciation to cost of reproduction new of existing plant is 18.6% if land is — 
included and 19.8% if land is excluded, instead of | 21.717% and 23.104%, re- e 
spectively, without giving effect toi income taxes. jog 
In all of the computations referred to herein, the “unadjusted compoun 


presentation, without taking: into account the effect of probable. dispersion of 
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re as Property taxes ond | insurance are generally related in some manner | to the a 
value of the property. Nevertheless, the methods of fixing insurance values Ale 


- tax assessments are of such uncertain relation to value in the sense of cm - 

present worth of earning power at reasonable rates that it may well be preferable 
consider these elements of cost as expenses determined independently and not 

related to value on the basis of service value. On the other hand, if these 
——— F items were considered to be related directly to the service value that i is being ae 
ea = sought, it would be necessary to take them into account in exactly the same a 
) y 2 s manner as has been suggested for income tax. The algebraic formulations §§=— 
a 2 _ previously presented would be extended by adding a term for the ratio of such ets. : 


The subject of this paper has received little attention in the past, ‘and others 
who are intefested may wish to extend the consideration of the subject 

criticism and futher analysis ‘of the problem. 
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‘income tax as a fixed m0 ys cost. This fundamental assumption must ae 
et in all its details. _ The first question to be considered is how does 
this method of ‘computation affect the consumer’s rate for pow wer? Evidently, r 


a hen the annual cost of operating a power plant is increased, then an increase 


in price to the consumer must i result," This is contrary to the of a 


‘The second question to consider is how will ‘the author’ s epremise affect 3 


the basic structure of the income tax? The aim of this tax is to function | 
ot that level of income after which all cseniiag expenses have been deducted. a 
Now, if this tax is included in the cost of production, the whole purpose of | a 


‘p — income tax is defeated. If this were permitted, then other industries # 


seek to take advantage of this method of computation. 
m8 _ However, the advantage of using the author’s method in preliminary studies ‘ 


"and investigations is clearly shown by his excellent example of an engineering 


L. G: L. Grant, 7M. ASCE. —Two i important points in Scharff’ 


interesting paper might be rephrased as follows: 


hae gag The conclusions of engineering economy studies may be altered by the 


of income tax considerations. Generally speaking, proposed 


investments intended to decrease | operating expenses are less under 


that existing fixed assets are at a figure ‘that will mak 
equally economical with the most economical new substitute ame a 
Appraised values under this principle will be higher if the i income tax hand. . 
the matter are considered than if income taxes are 
= ‘The first point is recognized by y many persons responsible for eco economy y studies 4 
in industry and has been discussed in the literature of engineering economy. — 
Although the s second point would seem to follow logically from the first, few 
people seem to be aware of it. He believes that this paper is is notable in ‘pre- eS 
senting a formal analysis of this relationship between income taxes and ap- 
_ The paper is entirely in a a public utility setting ‘and assumes that revenues | 
will just equal costs regardless of what costs may be (including as costs both — 


income e taxes and capital Tecovery with a stipulated r return) . Doubtless poo! is ; 
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* Structural Designer, Burns and Roe, Inc., Eng. Consultants, New York, N. Y. = 


a _ If, for example, an electrometallurgical company were comparing the noid. 

3 i = and steam plants in the illustration, the most reasonable assumption a 
doubtless be that revenues ‘from the sale of metal would be the same regard- 

less of whether hydro or steam power were used in the 


sce of a proposed plant investment on the excess profits tax base ay slo 
a It should be recognized, therefore, that the: validity of the analysis eee 
: limited to the public utility setting for w hich it is given, and that a somew hat 
different ye of of this problem i is competitive 


customarily limited to cost of service, , including income taxes. 
is in agreement with Mr. Grant in this respect. He believes, however, that ~ 
the analysis has a limited application to competitive industry, particularly, — 
where prices tend to be “administered” rather than to be fixed by f free | com- 
petition. Lewis H. Kimmel states’that answers to questionnaires sent to the . 
industrial clients reflected a growing tendency to relate pricing policies to corpo- — 
1 ute income tax, 59.8% of the answers to the latest , questionnaire answering 
“yes” to the question “Has the corporate income me tax consciously, influenced % 

-‘The writer also believes that Mr. Grant was too generous in crediting him 


vith the first published statement of the relationship between income taxes 
and appraisals. Although the disscussion might be considered applicable more ~ 
yt directly to the first of the two points formulated in in ‘Mr. Grant’s ’s discussion rather 
than to the second (propounded by Alex Bauhan”), it at least carries the im- 
plication of the same relation of income tax to valuation. 
Sie writer also feels that ‘Mr. Grant’ statement that “***proposed i invest, aves 
ments intended to decrease ¢ operating ¢ expenses are less attractive under income ar. 
=e than they would be without income taxes***” is an understatement of 
¥ effect of present high corporate income tax rates in the United States, 
f They ame amount to confiscating : a large proportion. of the : savings ‘in expense that 
7 ean be gained by substituting modern efficient equipment for obsolete ineffi- _ 
cient equipment, and thus such tax rates discourage replacements and im- 


"Taxes and Economic Incentives,”’ by Lewis H. Kimmel, Brookings Institution Publication, Washing- — 

Tn Interconnection Services, Their Classification and Evaluation,” by Alex Bauhan, — 
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tly, | depend solely on the difference in the expense items deductible for tax purposes. 
ase | competitive industry, one important aspect of income tax considerations in 
if economy studies may be the difference between the pay-off period used in the 
a economy study and the life of the proposed fixed assets that will probably be 
fect — 
‘ion 
: 
ed. 
> of 
ries 
lies 
AURICI SCHARF VSIS 1n this paper 1S appli- ; 
— 
| 
— 
— 
the 
der — 
» be 
— — 
ke 
— 
te. 
— 

lies 
few 
sis = 
— 
— 


under the social and legal institutions in the United States. The increase in = 
‘a 


ye ary consequence of the method of fixing utility rates and has no application to q 
3 


Mr. Soffer’s two questions leave out of account the nature 
ie public utility industry and public utility regulation as they have developed + 


utility rates to ) consumers with increase in cost may be undesirable; but it is a 


inevitable under a system that prohibits competition as a means of regulating a ’ 


utility rates and that, through intervention of the ones power, restricts s rates hb 


cost of service, including return and income taxes. dav Wo, 
‘Similarly, the y passing on of income taxes to consumers, in rates, isa necess- _— 


other industries in which prices are presumably controlled | by competition. 
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WATERWAY, TRAFFIC ON THE GREAT LAKES _ 


ia ‘Since the earliest times i in United States history, the Great Lakes have ins 5 


= 


the lakes ‘and the of this shipping on constant maintenance of 


_ The increase of Great Lakes trade to world-wide scope would be — 3 
possible by construction of the St. Lawrence River Seaway ’ facility, and the 


cost and significance of this project i is discussed. 

as 
Early —During the advance and retreat of the glacial ice sheet 


manye centuries ago, the ancestors 0 of o our ir present Great Lakes were born. _ From 


world. This paper is intended to treat in general terms the and 
aracteristics of navigation on the Great Lakes. hat Dar bah 

_ For sheer size, the lakes are tremendously impressive. - With their connect- 

ing channels they form a natural transportation highway having a water area ae 

of more than 95,000 sq miles and a shore line of more than 8,300 miles. From. 

‘Montreal, Que., Canada, at the head of deep draft ocean navigation on the St. 
Lawrence River, the sailing distance to the westerly end of Lake Superior nage 
= about 1,340 miles and to the south end of Lake Michigan about 1,250 miles. ns e 


Norse.—Published in August, 1951, as Proceedings-Separate No. 83. titles are 
in effect when the paper was received for 
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cao? sailing vessels, great harbors have been developed and are yy ained by Se —_ 
an eat Lakes Division of the Corps of Engineers, United ‘States 
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— 
3 GREAT ‘LAKES 
q 
Surrounding the lakes is a region rich in many 
= one time the shores were covered with \ virgin timber. Iron ore, limestone, and 


: "A coal, also have been found in abundance in the area. Some of the most 
productive of our agricultural lands lie close to the lake shores. With all 
_ these blessings from nature, , the Great Lakes area was destined from its very a 


_ discovery to become an important center of industrial and commercial develop- = 7 


ment. — Because of the ease of transportation on the lakes, for example, the - ‘ 


French had established outposts as far west as the Saskatchewan Valley, 
while in the same period the Dutch and English | were penetrating only a few 
E miles inland from the Atlantic seacoast. The French, of course, followed the 


French explorers, | and missionaries. | The hardy f fur trappers, however, built 


bigger « canoes, some holding a: as many as as 9 persons and as much as 8 tons of furs. _ 7 
- satisfied with the Grent Lakes waterway as nature left it, 


facilities. They bailt a a and lock to eliminate the portage around St. 
Marys Falls Sisieetih Lake Superior and Lake Huron. This canal and lock 
was built by the Northwest. ‘Fur Company in 1797 on the Canadian ‘side of 
St. Marys River. The lock was 38 ft long, 8 ft 9 in. wide and had a lift o os a 
: a 9 ft. A tow path along the shore permitted oxen to pull the canoes and 
: bateaux through the entrance channels and lock. - The remains of this old 
may still be seen at Sault Ste. Marie, Ont., Canada. be 
_ In those early days when fur and trade goods were the , principal cargoes, 
ov ersize canoes and flat bottom bateaux were adequate for the | economic > ie 
needs, and the natural navigation conditions of the lakes required ‘little 
improvement. The restless march of progress underway, “however, 
> in 1797 pioneers at oes Pa. built the first sailing vessel on the lakes. 


e 


— As the nation’s commercial ‘and industrial tempo quickened and more 


ships were built, both shippers and the general public demanded better harbor 
facilities. | In consequence, { the ‘United States federal government authorized | 


oom its first river and harbor program in 1824. Federal harbor improvements 
x were authorized on the Great Lakes at Belo, fo 1824; at Cleveland, “Ohio, a 
and Fairport, Ohio, in 1825; at Buffalo, N.Y., and Ashtabula, Ohio, in 1826; 
a and at Chicago, i. , in 1833. val few years letench in 1841, Congress authorized a 


The survey 1 was was for yr the pur purpose of ng charts to lake 
_ and determining further improvements necessary to maintain the prosperity — 
_of the rapidly growing lake commerce. _ Under the direction | of the ) Corps s of 
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#“Great Lakes Transportation,” by M. C, Tyler, Transactions, ASCE, Vol. 105, 1940,p.167. 
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"Among 
other things, , the Lake Survey devised pol perfected the * ‘wire sw eep”” ’? which 
is the accepted method of locating underwater obstructions. The 
_ ‘Survey designed and built the first metal tower for use in triangulation survey us 
_ work, the first electric recording current-meter, and it was the first United _ ee 
_ € States governmental agency to print navigational charts in color. Since its 
-_ ineeption, the Lake Survey unit of the Corps of Engineers has been the recog- 
nized leader in the American effort to facilitate navigation on the Great Lakes. Be 


with improving inland harbors, inter-lake traffic was restricted by physical 
obstacles between Lakes Erie, Huron, , and Michigan. Navigation between “_ ; 
Lake Erie and Lake Ontario was blocked by the falls of the Niagara River, 
and communication with Lake Superior was impracticable because of the > 
falls of ‘St. Marys River. The original Northwest Fur Company r lock had ~ 

: — destroyed in 1814. Until 1855, the movement of freight wd and from 54 


- ~ Lake Superior was by boat to Sault Ste. Marie, at which point cargoes were ha 
unloaded, portaged across a mile-long tramway, and reloaded on boats. — When og 


a State of Michigan completed a 10-ft draft canal around the rapids in ‘ie 
1855, Lake Superior was again opened to the small boats then in use. A few ido 
- years earlier, traffic had been opened between Lake Erie and Lake Ontario — ae 


_ when Canadian private interests built a small canal in the general vicinity of 
ther Vessels Used in Great Lakes Trafic— 
oy agriculturally and industrially, lake traffic increased steadily, with a a corre- a 
- sponding increase in the number and size of vessels. _ Generally speaking, the — 
federal government in. the ensuing years” developed harbors and connecting 
channels to keep pace with prevalent lake transportation needs. Until 1883, 
there were more sailing ships than steamers on the lakes. Obviously, the 
ae. harbors and connecting channels required by light- draft. sailing vessels and aS one 
small side-wheel steamers were quite different from those required for 
= vessels. For example, in the days when three-masted schooners plied li 
lakes, carrying manufactured and package freight to the outposts of the 
lake region and returning » with cal cargoes of lumber and grain, there was a 
vital need for many harbors of refuge, to which the light-draft vessels could 
run for protection when severe storms and squalls: made the lakes hazardous. 
= By 1900, the vast ‘majority ¢ of the lake schooners had disappeared. If ora 
_ nological progress had not already doomed the colorful sailing ships, their 
: 7 ultimate fate was sealed in 1892 when iron ore from the Mesabi Range was 
first shipped to lower lake ports. “Be handle this heavy bulk cargo econom- 
72 _ ically, larger ships with deeper drafts were a necessity. Bigger ships, of course, aA 
required’ deeper channels and better harbors. The demand for these i hese improve- 
ments generally followed the flow of commerce on the lakes. 
dl ” boas When the ore trade started on the lakes, steamers as well as sailing ships — 
were poorly adapted for ore carrying. They had small capacity : and were 
difficult to load unload. Capt. Alexander McDougall goes th 
credit of designing the highly specialized ship on known as the bul 
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GREAT LAKES 


each been to fit the other. openings on 
ms most ships have the same spacing as the loading chutes on the ore wharves ct) 
as to facilitate loading without moving the ship. Unloading equipment 
_ been designed so that as little time as possible need be spent in port. i‘ 
More than 3 of the ships on the lakes are over 450 ft long, and some are 
eS about 600 ft long, with a beam of 60 ft and a draft of 32 ft. _ The larger boats — 
ry ae < _ earry about 17,000 tons of iron ore at maximum draft. A trend toward even 
Be Ay: larger | boats for the ore trade may be seen in the launching of the S. S. Wilfred — 
Sykes, which is 678 ft long, 70 ft _ wide, and can carry 20,000 tons of ore at 
ay ft 6-in. draft. With a loaded speed of 16.5 miles per hr, the Sykes will be 
_ able to meke 44 round trips during the navigation ‘Season, as CO compared with © : 
$4 round trips for the average ship in the ore fleet. eyelet iy tle 
Son Discounting t the lumber trade that w went 
- turn of the 20th century at least 80% of the commerce on the Great Lakes — } 
been in four commodities—grain, iron ore, limestone, a and coal. oT 
_ development of navigation facilities has been influenced to an appreciable 
extent by the requirements of vessels hauling these cargoes. 
* In 1948, when lake traffic was the heaviest on record up to that time, iron 
a - ore, coal, limestone, and grain composed 86% of the commerce on the Great 
s Lakes. Of a total of 217,548,101 net tons of traffic, iron ore alone constituted — 
9, 791,144 net tons. Most of this ore was mined in the Lake Superior regions, 
_ moved through the Soo Canal Locks to destinations on the southern end © 
Lake Michigan and to portson Lake Erie. jg 


‘Tia Coal accounted for 66,924,551 tons of the lakes’ traffic in 1948 and to a 3 
i ‘large extent reversed the flow taken by iron ore. | Most of the coal was shipped __ 
Lake Erie > Superior and ‘Leke Michigan ‘ports as its 


Stone, pers constituted the third largest tonnage at 22 349, 287 net tons, 


Ww hile most of the stone shipments were generally southbound to lower Lake 

_ Michigan and Lake Erie destinations, a substantial amount of stone also was’ 
Grain comprised 6,496,769 tons of lake commerce in 1948. ‘The major 
hee as portion of this tonnage was shipped from Lake Superior ports, although sizable — 
eo _ shipments of corn were made from Chicago and Milwaukee, Wis., on Lake 
a Michigan. fi More then half the grain carried on the lakes i in er was destined . 

Of course, in addition to these four major items there are 
carried on the lakes. It may be interesting to note that cargoes of timber and ~ 
= at one time the bulk freight traffic the lakes and 


‘He 


— 
freighter. Thes i and the engines 
ae ee aft, leaving nothing amidships to interfere with the main cargo space. — Both aan 
Ps 
: 
| 
q 
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freight, a ef traffic, appears to be 
ae some extent. All these changes have been reflected in the — 
Be growth, and sometimes the decline, of harbors on | the lakes. To meet the 
needs of one period in history p ports have | sprung up, ‘some have ¢ changed 
radically, and others have dropped into obscurity. Two good examples of aa 
how harbor growth i is affected by changes in are the cases of Grand 

Marais, Mich., and Holland, Mich, 

In the late 1800's Grand Marais was a », prosperous lumber shipping 
port. In one year the harbor handled 160,000 tons of cargo, mainly forest +135 
products. When the virgin forests were atripped, however, the town went into 
7 decline; and in 1947, the only shipments at the harbor were 222 tons of . Ag 

local catch of fresh fish. Holland also got its start back in the heyday 
of the lumber trade. In the 1890’s Holland harbor in one year handled 307,000 Ee 
tons of cargo, of which 104,000 tons was lumber. When the lumber trade fell 
off, Holland harbor had a few bad years but soon kept moderately busy with ney 
package freight business, despite competition of rail and highway transporta- __ 
tion. The harbor has again been teeming with activity in coal, gasoline, 
cement, and stone shipments, and in 1947 Holland harbor handled more ia 
240,000 tons of commercial traffic. Grand Marais still serves a useful purpose ea) 
as a base for Lake pramore fishermen and as a harbor of refuge for recreational © ais 


: 


its existence a: as & harbor, eligible for federal 


pone is concerned, have been of two categories—development | of 
harbors and improvement of connecting channels between the lakes. The 


* such improvements are costly and the: cost usually far exceeds the Sale 
ordinarily derived by any local community in | which a harbor may be located. 
Take, for example, the harbor at Ashtabula. that port, millions of 
tons of coal are shipped and iron ore received but none or very little of it is 
used locally, most of it being shipped » to and from the Ohio-Pittsburgh (Pa. ae 

area. benefits derived from harbors are national in scope, and Congress 
decided at a very early date that the national government is Tesponsible for 
making improvements to harbors and connecting channels. _ The Corps: 


of 
- Engineers, under authority from Congress, provides and maintains entrance 


breakwaters and jetties required needs of general commerce 

Development of H arbors.—The first improvements ‘undertaken the 


United States on the Great Lakes were the construction 
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vien | the lee sides of islands and points of land afforded protection anchorages 


: 


for the first ply” these waters. The early settlements 
a usually were made at or near these important river mouths on natural lines of 

communication with the hinterland. Therefore, early harbor improvements 

e consisted largely o of building jetties to improve navigation ¢ over the bars which 

eine at the mouths of streams that enter currentless bodies of 
water. T These works were first built by local governmental agencies, or in o 

some cases by private interests, but since 1825 the major commercial harbors _ 


have been by the federal government. About 80 active commercial 


ake harbors, representing an aggregate for construction 
- maintenance of about $350,000,000 over a period of about 125 years, have bee been | 
9 or and are being m: maintained by the federal government, 


of artical or 


nee abundance of timber along Great Lakes os has le led to a much ws 
use of timber crib and timber pile construction than is usual in salt. water. 
% The fact that the Great Lakes are, to all intents and purposes, tideless bodies ; 
ae. w ater has also s simplified harbor design and construction. Federal works 
at the harbors usually consist of construction and maintenance of breakwaters : 
and protective piers, and the dredging and maintenance of main navigation q 
_ channels. _ While a generalization about harbors on the Great Lakes is difficult 
because of widely | different conditions encountered, it is safe to say that harbor : & 
7 entrances usually are built 500 to 700 ft wide. As a general rule of thumb, 
_ it also may be said that the minimum distance from the entrance gap to the 4 y 
nearest dock line is at least 3 to 3.5 boat lengths. 
Depths of harbors vary within wide limits, on the primar 
~ purpose for w hich they were constructed and their present importance. - 
~— Harbors i in which large ore | docks are located, f for example, are at least 26 ft % @ 
~ deep. ¥ In the Chicago area there are five harbors, and each of them is of a ‘ 
different depth, ranging from 18-ft to 28-ft drafts. All harbors are slightly | iD 
“i; - deeper at the entrance to allow for pitch of the ship it in open water as it enters - 
the protected larea. In developing channels within harbor areas, the Corps” 


a Engineers is guided by the criteria that such channels must be in use by a 


general navigation. | 4 Tn other words, the Corps of Engineers is is not authorized 
dev elop private wharves or slips. Before recommending | any nav igation 
~ _ improvement, the Corps of Engineers, acting only upon directives of Congress, — 
makes a thorough study of the ‘proposal, including the anticipated annual 


of the improvement as ‘compared with anticipated annual benefits. 


he public at large are recommended for fav action. 
Among the largest of the major improvement projects currently i in aii 
(1981) i in the Great Lakes Division of the Corps of Engineers are the harbors — > 
oe at Cleveland, Ohio, and B Buffalo. . The _ Work at Cleveland consists of im- : 
a provement of the Cuyahoga and Old rivers by dredging to a depth of 23 ft : 


_ and the replacement or reconstruction of 7 railroad bridges. The estimated 


| 
iy 
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partly artificial harbors on seacoasts. They are, however, in 
<a enter in section since they are subject to less severe wave attack. 
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Buffalo River and Ship Canal to 22 and 23 ft. This 2 and is estimated 


 - In these and other harbor projects, local interests are cooperating i in eae 
the improvement possible. The amount of local “cooperation required varies 
ue widely, but the element of local cooperation must always be present. Local ieee 
interests participate in | port development by contributing funds hen war 
¥ adequate terminal facilties, and maintaining areas and approaches 
a docks. . On the other hand, such “local cooperation” is not required in the 
improvement of channels outside harbor areas. It would ‘clearly be 
if to ask the City of Sault Ste. Marie, for example, to pay part of the costs of OF ie y 
BY ie the locks at St. Marys Falls, or to ask the little town of a City, Mich., “ i a 
to pay for channel dredging in the St. Clair River. 
Maintenance of Navigation Channels.— —Improvement of 
2 particularly those connecting the various lakes, has been a vast, wndeaing 
that was started around 1850 and is still continuing. special interest fr from 
a an engineering point of view has been the construction of the Soo Canal Locks 
_ and rock excavation and general dredging in the St. Marys and Detroit rivers. 
‘The execution of of the work in such & manner as not to disturb the water levels Fi 
ey in Lake Superior, Lake Huron, an and Lake ee. Clair has been a delicate and \ — oF 
Lakes Superior and Huron connected by the improved St. Marys 
a River, 63 miles long. | ~ Because Lake | Superior i is 22 ft higher than Lake Huron, 
ie the Soo Locks and compensation works are necessary. Connection oe: 
i Lakes | Michigan s and Huron is by way of the Straits of Mackinac, which have ie! 
_ required little improvement to provide suitable . depths for navigation. From 
_ the lower end of Lake Huron the improved connection with Lake Erie, about > 
80 miles long with a drop of 8 ft, consists of t the St. Clair River, Lake St. Clair, : 


and the Detroit River. In dredging and maintaining these navigation chan- 
ss is ‘nels, it is common to make channels for loaded ships a minimum of 25 ft deep 
and channels for empty vessels at least 21 ft deep. At average lake levels, — fel 
these depths provide for 23-ft draft for loaded oreboats sailing from Lake 
Superior to Lake Erie, Lake Huron, and Lake Michigan ports, and a ‘somewhat ot 
_ shallower draft for the same boats returning loaded with coal ai st products ats 
do not weigh as much per cubic foot as iron ore. 
_ Maintaining these channels to authorized depths is a very pores nig 


serious matter and a continuous of the Corps of Engineers. Because 


depth is a matter grave tots the standpoint of safety as W well as of 
economics. Complicating the problem is the fact that mean annual lake : 
_ fluctuate from year to year—sometimes as much as several feet. The ne 
of "these interconnecting | channels to the economic well- being of 
- North America n may | be judged from the fact that more | tonnage woe through oe 
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the St. Marys Falls Canal Locks | any canal i in ‘the world— 
= evry and the further fact that the Port of Duluth-Superior handles a greater tonnage ad 
than any other port in North America, excepting the Port of New York. 
eae The greatest amount of annual traffic on the Great Lakes during the period © ar 


is from 1935 to 1950 was 217,548,101 tons in 1948. The total cost of maintenance Bri 


aa and operation of navigation channels and structures for the same year a i 


$5,584,906 or about 2.5 cents per ton of commerce. As previously mentioned, 
= ee total federal expenditures to date (1950) for navigation works, including Le 


ce operation and maintenance of both harbors and channels, but excluding — ie 


expenditures for lighthouses, channel markers, and similar aids to navigation, — eae 

BS is about $350,000,000. If this entire expense were to be accounted for in one & 
4 year, it would amount to only $1.60 per ton of freight carried in 1948. ae 

total cost related to the total commerce carried on the lakes since 1825 amounts _ : r 
‘Throughout the years, the ‘savings in freight ‘costs made ‘possible by the 
ee route of the Great Lakes have been ce times more than the federal = 
expenditure for improvements and maintenance. Because these benefits have 


ae the American consumer, no toll or fee has ever been charged for the use of the Lae “ 
= federally facilities which are wholly w the United 


national of policy ‘concerning the use of the inland 


the carrying between the same, shall be common Lawrence, 
and forever free as well to the inhabitants of the said territory as to = 4 

Pie > alllaeee of the United States and those of any other state that may be 


il admitted into the confederacy without any tax, impost, or duty thereon.” 


5 

“ee 2 oe oe Congress also has repeatedly stated that its policy i is to maintain the inland 4 

Waterways a as -toll- free highways for ‘commerce. ‘This toll-free policy hes 
a4 ae contributed materially to the industrial development of the Great Loko 


area and d to the prosperity of t the peoples of the United 


ai While the the facts speak fo for themselves ‘concerning ‘the value o of Great at Lakes 
navigation, questions sometimes arise’ concerning the long-range 


Actually, it is unthinkable that the United States government would fail to 
See ‘snot adequate transportation facilities for the iron and steel industry in ae 
ae e:8 the lakes r region. Too much of the economic life blood is tied up with the ‘aa 
e-: _ production of iron and steel at competitive prices to permit the collapse of * ; 

lake navigation for want of adequate facilities. Much is said and written 
about the future of iron ore sources for this industry. ‘authorities say 

available sources of high-grade ore in the lakes region are limited; ‘others re 
deny it, claiming that it is only required to explore and develop additional 


“a deposits in the Mesabi Range | or develop methods of using different types of — 


*“The Ordinance of T he Northwest Tesritorial Government, ‘The 
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Lakes area are to: éontinne tofunction. anisulogos “i 
St. Lawrence Seaway Project.—Therefore, the key to the long-term 
future of the Great Lakes commerce is the St. Lawrence River Project. The 
- St. Lawrence Seaway would provide a direct gateway for vessels between the Loe 
- Great Lakes and the sea. Engineering studies including the extensive planning a3 
for the St. Lawrence River portion indicate that the problem of providing _ 
= and locks is of considerable magnitude, but traffic estimates made 
_ by the United States Commerce Department show that the proposed expen- | 
ditures for or the navigation phases of the St. Lawrence ‘Seaway ¢ are economically _ 
From the head of the Great Lakes at Duluth to Montreal, the Great heal 
St. Lawrence Seaway Project proposes a controlling channel depth of 27 ft ce i) ‘a 
with a depth of 30 ft over lock sills. . Canadian engineers have exercised great _ ay 
_ foresightedness in building the Welland Canal with locks of 30-ft depth over aa 
the sills, and with 25-ft depths in the canal. These depths in the canal can = 
_ be increased, as required by future traffic, to provide a 30-ft depth between ian 
Takes Erie and Ontario. Such foresight ‘simplifies the problem of | 
the seaway. The cost of completing a 27-ft project for 
«Bt. Lawrence River is estimated at $818, 063, 000, based on December, 1950, price © ae a 
levels. seaway with a 27-ft channel can carry a great amount of traffic, 
fe as witnessed by activities on the Great Lakes where such eepthe are in use. ql i 


is 


reasons of so studies ihe been made also of the ‘possibility of con- 

structing the St. Lawrence Seaway with 30-ft and 35-ft channels. The mari- 

_ time commission estimates that a 30-ft channel could readily accommodate 80% 

to 85% of the: present United States ocean-g: going merchant fleet with little or 1 “a 
e restriction. The cost of completing a 30-ft channel, based on December, 1950, 

price levels, i is estimated at $1, 078,815,000, and the cost of a 35-ft 
_ Had the St. Lawrence Seaway been constructed prior to World War II, 
there is little doubt that combat ships, up to and including the ier 1 
and « cruiser classes, and merchant ships of the Liberty type could have been © 
constructed i in the relative security of the Great Lakes area. At Great Lakes — 
_ ports ships could have been loaded with supplies, munitions, and war armament 
produced i in factories in the lake region, and they could have then proceeded 


; in convoy through the St. Lawrence River and by the Great Circle route to a 
greatly reducing the submarine hazard. = 
There can be no question concerning the long-range value of the St. - Lawrence — d 
"project. _ Some shippers on the Great Lakes, however, have raised the question : ee 
> to whether opening of the seaway would make present navigation facilities — 
obsolete. — Of course, some channels, harbors, , wharves, and slips would have 
% to be | enlarged to accommodate larger vessels when such are built and enter een 
gs de the Great Lakes from thefocean. This can be accomplished gradually, for 7 
Ta will require se several years to complete: the ‘seaway after the project is s approved a = a, we 


and funds are made available. The question of the 
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"present. Labrador ore transportation also” has been ‘raised, 
and has been | given careful consideration by the Lake Carriers Association. * 
It is their conclusion that, with some minor changes, the larger ships now in _ 
use on on the lakes fo for ore transportation a are well adapted | for the ae —— | 
near as can be determined from traffic statistics commerce on onthe Great 
soo Lakes has a bright future. The guiding policy will continue to advocate a — 


step-by-step development of federal navigation facilities s keeping with 


on favorable economic in this way unwise expansion can 


ith the other financial burdens on - the United States. 


= be avoided and expenditures reduced to annual amounts within a reasonable © -. 
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TRANSACTIONS 


1 


; 


- Resinous exchangers are rapidly assuming a \ place of ever greater importance 


in the » field of water conditioning - municipal and industrial purposes. 
— hereas the more familiar greensands and synthetic zeolites were useful only — 
_ for removal of hardness and other metallic ions from water, the newer cation ay as 


- exchangers and anion exchangers of the resinous type seevides a means of secur-. 


= _ ing any degree of mineral removal up to complete demineralization of a — ms 
The paper describes the application of resinous cation exchangers to water 
softening, boiler water treatment, process w ater treatment, and demineraliza- 
tion of brackish w ater, and discusses costs of sev reral types of treatment. — 


>. 1850 J. T. ay,? chemist to the Society of 
land, discovered that some soils had the ability to retain the “base,” or positive ca 

of solutions | passing through them while the “acid,” or radical, 
passed through unaltered. This appears to be the first recorded case of ion” 
exchange. Mr. Way’s diesovery was an example of base exchange (cation ex- 
as he called it. Since that time many - other cation exchangers 
~ been found, and materials having anion exchange (acid exchange) properties aie 
been discovered and developed. 
This paper will show how the developments in the field of ion exchange may 


Ss Ton exchange may be defined as a a reversible interchange of i ions ‘between a ,- 


—Published i in n August, 1951, as Proceedings- Separate No. and titles given are 
those in effect when the paper was received for publication, 


Water Purification Engr., Metropolitan Water Purification Dist. ot ‘Southern Calif Calif. 
 8“Dhe Capacity of Soils to. Abapeb Manure,” by J. T. Way, Journal, Royal Agri. Soc., Vol. ll, 1850, “9 
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ION (EXCHANGERS 


— of its own to exchange for « others, and it must also have a highly porous 
hy structure or lar ge exposed surface to allow these i ions to move in and out freely. ae 


. ¢ These characteristics were found to be present in the sollte ‘minerals, a group Pe 
_ defined as ba 


“Any of s a family of hydrous silicates, * * * so called because many species 

_ intumesce before the blowpipe * * * In composition they are analogous — 

feldspars, their chi chief metals being sodium, and 


Fe, Because of cation exchange phenomena were identified for so many years 


~ with the e zeolites; the term “zeolite” ¥ ‘has been used by | many persons to include 
alli ion exchange materials. vi Today cation exchange softening of water is - 
ae A erally referred to as zeolite softenin g. This j is not strictly « correct and, 


aa ing reaction as cation ‘exchange softening. Similarly when anion — 
are being us used such identification is also necessary. 
gine TABLE 1— —C.assiFricaTion oF Ion EXCHANGERS 


+ 


Natural zeolite (greensand) Natural (the lignites) oxides Synthetic resin 
a Sulfonated coal (carbonaceous * 


ers, rganic organic materials.* A general 
~ tion of ion i cy is given in Table 1. Both inorganic and organic anion 
exchangers have been produced, but only | the organic anion exchangers are 
widely used because the i inorganic materials do not have good 
ame general all the cation exchangers may be regenerated with common alti 
a (sodium chloride) and thus be used to remove hardness forming calcium and 
magnesium from solutions. The organic cation exchangers may also be re- 
tener with dilute acid solutions and in the resulting hydrogen regia a 
ee: they will will remove all metallic cations (sodium, potassium, calcium, magnesium, — 
f iron, cop copper, r, and ‘manganese) from solution. The a anion exchangers, used to 
_ remove the acid ions (sulfates, chlorides, and nitrates) from solution, may be — 
a = enerated with eith er r soda ash (sodium carbonate), caustic soda, or ammonia. 


au “Ton Exchange Between Solids a and Solutions,” ra ‘by Has Harold Frederic Walton, J Journal, The F Fran 
“Inst, Vol. 232, 1941, p.306. 
§“Webster’s New International Dictionary,” C. Merriam Co., Springfield, Mass., 2d 1 Ba, 1942. 


6“High-Capacity Cation Exchangers,” by F. K. Lindsay, Journal, A.W.W.A., Vol. 
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"DEVELOPMENT oF Ion EXCHANGE Processes 
The Cation Exchangers—The lime and lime-soda ash of water 


softening can be dated | before (18507 and these methods have widespread ap- 
“4 plication in industrial and municipal water : treatment | plants throughout the 
world. _ With the introduction of the ‘zeolites early i in the 20th century, cation — 


eit It was around 1900 that the first industrial water softening plant using ae : 


greensand as the cation exchanger was put into service in Europe. ‘The 


at Wyomissing, Pa.* Since that time higher capacity cation exchangers sale 
developed including the processed greensands, synthetic siliceous 
_ carbonaceous exchangers, and the resinous exchangers . The relative exchange - 
terials a are givenin Table2. TABLE 2—Retative Excuance 
‘Since they were first intro- Capacity or EXCHANGERS | 
exchangers have held a major 
Nominal | SALT Dosace 


obese 
place in both industrial and exchange 


$y 


(grains per 


‘Softening only ‘for calcium and (2) 
ly 
Resin, phenolic. 
by some of the i inorganic 
exchan ers, with manganous s Resin, polystyrene. 
exchangers, with manga: n, poly 
Pounds of salt per guble foot of er. 
ate used as regenerants, or bY ota 


a the e organic with acid 
Ae 


as 


=, water thus produced had zero hardness s and aids not tend to ‘dorm: ahard 


i : aan. bog However, silica i is not removed from the water by this treatment; in 
= fact i it i is often increased by passing through the e siliceous zeolites, and the siliea 


can cause trouble in high pressure boilers. 
——- Over 700 municipalities have installed cation exchange materials i in their 


domestic treatment plants. After thorough investigation the Metropolitan 


4 
ater District of Southern California (hereinafter called ‘‘the District’”’) deter-_ 
mined that the lime-zeolite method of treatment was the most "Thin plant, 


™“Water Supply and Treatment,” by C. P. Hoover, National Lime Assn., Washington, D.C. 
te “Review of Performance of Zeolite Plants,” by H. M. Olson, Ohio Salt Company, Wads- 
*“*Metropolitan Water District Doubles Capacity of La Verne Softening and Filtration Plant, a by 
RE B. Diemer, Civil Engineering, Vol. 19,1949,p.669. = 
10 “‘World’s Largest Water Plant,” William W. Aultman, Water Works, Vol. 
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Resinous Exchangers.—The progress that has been mentioned in ap- 
i = of the cation exchangers is based primarily on the use of the siliceous ale 
or carbonaceous ty ype of exchanger. The advent of the resinous type exchangers ors 
= 2a introduces an entire new field of use and efficiency and requires a complete re-_ — 
evaluation of the treatment processes. 
The: development of the resinous exchangers was first reported by the 
English scientists B. A. Adams and E. L. Holmes in 1935. 1% Four years Liter 
the commercial production of these resins was started in the United States. 
: - Since that time the development of cation and anion resinous exchangers has > 
_ been phenomenal. It is believed that the potentialities of these resins are just 4 4 
eee In addition to the use of the ion exchangers i in the water treatment field, the : 4 
new resinous exchangers : are being used extensiv ely in the chemical process in- = 
_dustries with an evergrowing field of application. For example, the inorganic 3 = 
- may be eliminated from sugar juice by passing the juice through a cation- s 
ee anion treatment plant, thereby materially increasing the yield of crystallizable :. 
sugar and reducing evaporator scale and operating difficulties. Small concen- 
trations: of the metallic ions, such as ec copper, nickel, aluminum, ete., may be 
recovered from solution in more concentrated form by use of an cunsaid ex- — 
- —*€* with a regenerant of the desired properties. The resinous exchangers _ q 
aan have been used for: (a) The treatment of milk for curd d modification ; (b) ne: 
9g treatment of w vhey for the recovery very of lactose ; (c) the pi purification of formalin ; 
ad @ the refining of hydrocarbons; (e) the purification of polyalcohols; (f) i 
separation of inorganic cations; and other uses too numerous to mention. “ 
This | paper, how ever, W ill deal only with their use in water treatment. panadane, 7 
AppiicaTION oF Restnous ExcHANGERS IN W ATER SorreNING 


_ The chemical treatment of water, other than for sterilization or yr coagulation, q 


is usually u undertaken for ‘three ¢ general purposes: (1) Softening | of water for E 
domestic and industrial use; (2) boiler water conditioning; and -(3) process 

water preparation. Under the two latter main 1 headings may fall a number | of q 
subheadings | depending on the quality the raw water, the boiler v vater pres- 


place of the new resinous exchangers in these three phases of 
high-capacity polystyrene resinous have major char- 


the type of exchanger to use for water softening. = fa 
ae _ First, their high capacity permits a smaller volumetric installation, with cor- a 


2 responding smaller equipment cost, for a softening capacity equal to any of the 


t 


“Use of Organic Cation Exchangers for Municipal Water Softening,” by W. Ww. and A. 
= Bowers, Proceedings, 9th Annual Water Conference, Engrs.’ Soc. of Western Pennsylvania, 1948, p. 1. —_— 
12“Cation Exchangers for Municipal Water Lee Streicher and A. E. J cwrnal, 
W.W.A., Vol. 42, January, 1950, p. 81. 
18“*Absorptive Properties of Synthetic Resins,” by B. and Journal 
the Society of Chemical Industry, Vol. 54, 1935, p. iT. a tng 
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a ioe than 200° F, and the Scania composition of the weler does not tend to 
break down the exchanger. is not true of the siliceous synthetic zeolites 
+ that should be operated within a pH range of 6.0 to 8.3, at Sangioepennn a not pe 
exceeding 140° F, and will be dissolved slowly by waters insilica, 
Third, the operating of the resin is higher 


removed. The polystyrene resins, on the other have a capacity 
- of 22,000 grains per cu ft when regenerated at at the rate of 0. 24 Ib of salt per | ty 
grain of hardness removed. Thus, i in comparison with the : synthetic siliceous 
the polystyrene resins show 2. 5 times the exchange with only 
the salt ‘consumption per kilograin of hardness removed. _ 
_ What does this mean in dollars and cents? For example, the Semi 
River water, as received a at the District softening plant, | had an average hard- — ae 
_ ness in 1950 of 321 ppm or 18.8 grains per gal Pod Salt costs ; the District $4.46 per 
ton de delivered (1950). To soften 1,000,000 gal of this water to zero hardness ys 
Ww ith zeolite r requires 6,956 Ib of salt ‘(enilie $15.51) although it requires only 
- 4,512 lb of salt (costing $10.06) when a polystyrene resin is used. — ‘The result- Ei 
ing net saving is is $5.45 per million gallons. > If the salt cost $9.00 a ton, or more, ae 
as it does at most places in the United States, the : saving would exceed $11.00 
per million g gallons. » Thi This i is a Saving in salt alone and does not include e savings : 
rinse water quantities o or lower equipment cost. 


The saving in salt, however, is offset to some extent by the increased cost 
= 


of the resin. The relative cost of zeolite and polystyrene resinous exchanger ng 
ap] proximately proportional to the exchange capacity of the wo materials, 
p 
_ the cost of the resin being about 2.5 5 times that of the zeolite. But the useful y 
“life of the two vo exchangers i is not equal. Under identical operating conditions, 
using Colorado River water, the life of zeolite is found to average about 2,000,000 a4 a 
a per cu ft of exchanger whereas the life of the polystyrene resin is in excess ¢ of 
ae 5,000,000 gal per cu ft of exchanger. — — With all factors considered, an appreci- : 
able saving is shown by th the use. of ‘the polystyrene enchanger, rether. than 
geolite. 


es For those cities located near the ocean another possibility of reducing the 


cost of treatment is available by using the polystyrene resin: with ocean water a: 

as the regenerant. Although this is not a new scheme (there are , several zeolite 2 

S| if plants n now using sea water for regeneration), it | it is the first time that relatively — 

high- -capacity y exchange has" been available and is obtainable with a small: 
amount of sea water circulation. A new plant at Ventura, Calif., uses sea + < 
ater for regeneration. The exchange capacity of the resin at various dosages 
of s sea water f for regeneration is shown i in is | evident that 


— 
— 
almost without exception, no deleterious effect on the nonphenolic exchangers. 
2 
In actual operation of the District plant every attempt is made 
exchangers as efficiently and economically as possible. For the synthetic 
+ q | __ siliceous zeolites an average exchange capacity of 8,700 grains per cu ft is ob- | a 
— 
— 
— 
— 
— 
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— 
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with | this resin unc 


water softening are likewise true for water softening in connection with boiler a 
=: water conditioning. However, there are additional factors in boiler water treat- 
ment, particularly i in high-pressur e boilers, that must be considered. 
Boilers require a water low in silica, but the true zeolites, either 
synthetic, are siliceous materials. Water passing through these zeolites tends 2 
to pick up silica, the degree of pickup | depending upon the silica content, a 
ae perature, pH, and other characteristics of the water. This silica pickup is so 
d great at times that | municipal plants for treatment of domestic water aot 
Carbonaceous exchangers. 
= have been extensively used for boiler water treatment to avoid the introduction — 
he la of silica from siliceous materials. R This, likewise, i is an advantage of the resin- 
E> ous s exchangers. With the highly basic resinous anion exchangers 
q am - silica may be removed from water, and this is an important forward step in the 3 4 


Vol 0, 1047, p. Zeolite, by L. Streicher, H. E. Pearson, and A. E. 
Bowen, ourn 7,p. 1133, 


— 

— Quantity of Sea Water, Gains per Cui Foot 
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; a have usually been employed. With the advent of the organic cation and anion —_ 


exchanger that has been regenerated with dilute acid, that is, a unit operating 
. =: pes the hydrogen cycle. In this unit all of the cations in the water (calcium, 


resins, operating in suitably designed equipment have demineralized 


water: representing a a specific resistance of about 460,000 ohms. 


>. times it may be desirable to partly or wholly demineralize the water wea’ 


« 

EXCHANGERS GERS 


Xcess of 200° F makes them suitable for use in plants in which hot bins is 


processed for boiler feed purposes in order to conserve heat. _ eae 


in a boiler. . This can n be peapenpenes with the resinous cation and anion ex- a 

or Resinous | For Process ‘TREATMENT 


process industries | require very pure or very uniform quality y of 


water. When low salinity water has been required in the past, distillation units Be 


Bia 


exchangers a water equal in quality to distilled water can be produced, generally a 


In the demineralization process, water is passed through. an organic cation 


- magnesium, sodium, potassium, and dissolved iron and manganese) are ab- 

_ sorbed on the exchange material, and hydrogen ions are released from the resin- — 
. ous exchangers. The water is then passed through an anion exchanger unit ‘= 
+. where the negative ions in the water (chlorides, sulfates, and. nitrates) are ‘ab- 
a4 sorbed on the exchanger and the carbonate or hydroxy] ions are released, de is 

pending upon whether soda ash or caustic soda is used for regenerating. The / 
resultant water consists essentially of H,O and The carbon dioxide 


a (CO) may be removed by aeration, leaving a pure water. Recently developed © 


sistance of 500,000 to 1,000,000 ohms per cuccm. The chemical purity of the 
water is proportional to its electrical ‘Tesistance, 1 ppm of CaCOs salinity in 


ihe The cost of demineralization is directly proportional to the salinity of the — ee 

4, water being treated. _ The cost of distilled water, , however, is affected very 
little by the quality of water being used, except for the produstion ¢ of aad 
cana the distillation unit. At the chemical prices prevailing in the California _ 
area the cost of demineralizing a water containing 400 ppm total dissolved _ 
salines is about $0.30 per 1,000 gal. The cost of distilling such water is from 
five to ten or more times this cost, depending upon the type of distillation —_ ag 
equipment being used and its size. _ As the salinity of the water being teted 
increases, the cost of demineralization increases proportionately, until a point 
is reached where demineralization by means of the resinous cation’ and anion S 
‘ae becomes greater than the cost by distillation methods. = | 

a water of almost a ny 

quality desired may be produced by the 1 resinous s cation exchangers operating 
on either the sodium or the hydrogen cycle coupled with the ‘Tesinous anion 

~ exchangers. = This gives the sanitary c or chemical engineer an excellent tool to a 

use in solving some of the intricate problems of water qeemty ii) eae 


of the process industries. 


ay 


ve 


oy 


The ability of the resinous exchangers to withstand temperatures 

2 
= 
— ohms percucm. This compares with good quality distilled water with a re- 
: 
— 
| 
> 
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q - Perhaps more efficient means of producing potable water from sea water may j 


ION ‘EXCHANGERS 

W ith the publicity given the advances in ‘the science of 
laymen seem to think it is a simple matter to pro- 
duce a 


by ion aboard life rafts ing World War II was incon 


a sequential when it meant saving men’s lives. | However, the cost of demineral- | 
oil izing water for municipal or use must compare with the 


_ 
pr = Considerable ‘research ¢ on t the partial ¢ demineralization of the » henckiah waters 
=~ of Palestine’® developed 2 a new, cheaper method of operation for large- -scale 4 
_ treatment of waters containing from 1,000 ppm to 2,500 ppm total dissolved _ 
‘salines, , enabling the production of a potable water of 300 to 500 ppm total — 4 


i ‘salines. _ This is accomplished by using counterflow of water er and regenerant 
- solutions with lime as the : anion exchange regenerant. Lime regeneration has" 
_ been tried on pilot plant scale” only, but it appears to operate satisfactorily. 
W ith this method of treatment it appears possible to produce a water suitable 
, for domestic use at a cost that is within the realm of economic feasibility, if if the 
i, c natural water contains no more than about 2 ,500 ppm total dissolved salines. av a 
Unfortunately, sea water contains from 32,000 to 36,000 ppm total salines, 
_ and to produce a potable water from this source with the established methods _ 
: of demineralisation would cost about $25. 00 per 1, 000 gal for chemicals alone — 


| 


> . 


7 cost over $1.25 per 1,000 gal when all factors are taken into consideration." — 


evolve if Congress authorizes appropriations for research on this problem, but _ 
- available scientific knowledge does not indicate that the cost of such reclaimed — 


water can ever that of developed water the 


The of the new resinous and anion 


influence the present concepts of water treatment in the following respects 


a. Waters of almost : any desired quality may be produced for municipal — 


ia industrial use with the economic feasibility of treatment depending | upon e 


a" eS: The quality of the water being treated has little or no effect on some of é | 
the resinous exchangers, a factor of considerable value in water conditioning © 


for boilers and the process industries. ad yom 


Bsa 1 ‘Ton Exchange Process for Brackish Waters,”’ Chemical and Engineering News, Vol. 27, 1949, p. 3306. 

Private communication from Ionics, Inc., Cambridge, Mass., January 11,1950. 

moe: “Fresh Water from Salt,” by W. W. Aultman, Engineering and Science Monthly, Vol. XII, 1949, p. 3. ie “ia 
19**Desalting Sea Water for Domestic Use,’’ by William W. Aultman, Journal, A.W W. A., Vol. 42, . ae 
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an engineers in any way concerned with water treatment when using these mate- 


of their high salt ‘the: resins operatiig 


m the best method of softening an any specific water. 


d. Silica may be removed from water with comparative facility ata 


v The development of the resinous ion exchangers i is in its infancy, an and all 


rials should keep anon of the progress made in the perfection of operating 
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on the sodium cycle will warrant serious consideration i in any studies to deter- — a o 
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SOCIETY OF ‘CIVIL ENGINEERS | 


By RAYMOND L. Moore,? A. AS 


| AND J. R. SHAW? 


— 


In the design of bins to support S, 
- some estimate must be made of the distribution and magnitude of the pressures — _ 
involved. ‘If the bin is used to transport granular materials that are subjected 
- to impact or - vibration during movement, the final pressures will be different i 4 
- from the initial pressures. The tests described were undertaken to obtain | ae 
some information ‘Tegarding the magnitude and possible variations in such 


pressures. . Strain and deflection measurements were made on the sides and 4 
bottom of a small bin for loads of wheat, gravel, and cement under both static oo 
& dynamic conditions; and direct comparisons were made with corresponding A ) 
—wueaeuman for static water loadings that provided known pressures. pe 


are are ‘compacted by impact or vibration. The problem arose in connection . with 


= ssdattainaes: and (2) the increases in pressure likely to occur if these materials — 
: ore the design of light-weight railway freight cars but would seem to be of equal ch ae 


_ interest in the design of other r types of containers used to | to transport eared: 


_ In the design of railway freight cars the usual practice is to compute lateral 


bulging pressures by means of the Rankine formula,’ assuming a full load 


wheat with an angle of repose of 25°. On this basis the bulging pressure is 


computed to be 41% of that which would be obtained if the wheat were re- 


~~ Nore.—Published in August, 1951, as Proceedings-Separate No. 82. Positions and titles given are — 
in effect when the paper was received 
1 Asst. Chf., Eng. Design Div., Aluminum Research Labs., Aluminum Co. of America, New Kensing- — . 
_ 2 Research Engr., Eng. Sins Div., Aluminum Research Labs., Aluminum Co. of America, , New 4 
as * Report of the Committee on Car Construction (Div. 5, Mechanical) through its maces on 
of Car Design, Preseedings, Am. Ry. Assn., 1925, p. 332. 
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placed by a fluid of the same weight. ‘The distribution of pressure is tinea ' 
to be hydrostatic, varying uniformly from zero pressure at ‘the top to a max- . 
a! imum at the bottom. Although it scarcely seems reasonable to believe that a 
5 me such a loading adequately covers all cases of interest in the design of railway _ 


cars, there appears 8 to be no basis on which to judge the merits or ee a a 


q ‘pressure effects produced on the sides and bottom of a small rectangular bin 
a by loads of water, wheat, common river gravel, a and cement. _ The granular a 
5) samples were selected to represent widely different classifications of material ; 
a and were used in both loose and vibrated conditions. The basic assumption a 
underlying the investigation was that a direct comparison of the stresses and _ 
i. deflections produced i in the bin by a water loading (providing known pressures) 
and of the corresponding values produced by the granular materials would 
= 


va 
& provide : an approximate b basis for evaluating relative pressure effects ae a 7 


fe secondary but nevertheless interesting feature of the tests was that they — 
- afforded an opportunity to study the structural behavior of the bin itself 
under a known water-pressure loading. Where possible, comparisons have 
p* _ been shown between measured and computed stresses and deflections to illus- ay 


8 iG — The container for the tests was a small , open-topped rectangular bin, 


constructed of aluminum alloy sheet and shapes. “Fig. 1, showing the test 
bin bolted to the vibration table, gives the essential structural details. me 
_ sides and bottom were fabricated from aluminum alloy sheets by welding, and 
stiffening members were attached by riveting. The of fin 


= 


‘Subsequently, the bin was filled with wheat, "gravel, and 

and all or parts of this stress and deflection survey were repeated. 

The results of two different series of loading tests are reported. . The first 

; _ series provided a general survey of the static stresses and deflections produced iis 3 
by loadings of water, wheat, and gravel. _ ‘The second series showed the influence chia 


_— for tests of loaded Scone tanks and .consiated of a bed plate rad 

ported by springs at the corners) to which was attached a rotating shaft — “a 
carrying an unbalanced od flywheel. The rotation of the shaft at about 1,800 a 
Ip uced vibration of 1/64 in. to in. 
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re- | _ stresses and deflections. Dry cement as well as wheat and gravel were used — . 
sing- 
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This was to cause an of the 
as materials. The vibration of the bin was interrupted at intervals to permit 
the measurement of strains and deflections, and a test was stopped when it 


was evident that no further increases in these determinations would be ob-. 


ae Vibration Table 
Supported 

f Enclosed Spring» 


pee 


Unbalanced Fly Wheel 
Sides of Table 


Fic. 1.—Apparatvs Usep in Visration Tests 
tained. Although the total time of vibration was several hours i in some cases, 


the maximum stresses and deflections were obtained ae a relatively short 


level position in some of the tests. ‘The quantity of in the 
_ bin, rather than the depth of | contents, was considered to be the significant 4 
factor i in these tests, however, and no additions to the. original “full” load were 


a The measurements on the bin included three types of determination: © 
BA (a) Lateral deflections of the side panels, vertical stiffeners, and top rail; 
(b) bending stresses in the side and bottom panels and in the vertical stiffeners 
and top rail; and (c) vertical deflections of the 
Lateral defisctions w were measured by means of a dial indicator and suitable 
reference bar or by means of mirrored scales attached to the member in ques- 
tion on with a fine reference wire stretched between i its ends. | The v vertical ae. 
“@ tions of the bottom, relative to the floor, were measured with a dial indicator. oa 
_ Strains were determined by means of SR-4 bonded wire, resistance-strain _ 
gages, and an SR-4 strain indicator. The corresponding stresses were com- 
my puted, using : a modulus of elasticity of 10,000,000 lb per sq in. for the sheet and a 
- 10,500,000 Ib per sq in. for the stiffeners and top rail. Distinctions in moduli i. 
e of of elasticity were necessary because all parts of the bin were not made of the 2 
game aluminum alloy. A value o of Poisson’s ratio « equal to 1/3 was used where 
strains at a point were measured in two directions, 90° apart, and where + 2 
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tet loads were sre applied by increments up to a maximum depth of fill mi... 
28 in., in most cases, or to > within 2 in. of the top of the bin. Although care a f- 
; was taken not to compact the material in the initial filling, it was evident, 
from a a , comparison 0 of some of the stresses and deflections 0 obtained for the same hal 
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(a) STIFFENER ON LONG SIDE; STWFENER LONG 


Gravel 


(c) STIFFENER ON SHORT SIDE; @ STIFFENER ON SHORT =e 
“VARIOUS DEPTHS OF WATER 2BIN. DEPTH OF WATER 
2.—Srressks MEASURED IN THE ban wre oF THE VERTICAL Srivrenzrs 


wis 


a) STIFFENER ON LONG SIDE; “® SI STIFFENER ON LONG SIDE; 4  (e) STIFFENER ON 


VARIOUS DEPTHS OF WATER DEPTH OF WATER SHORT SIDE; 28N. 


(@) SHEET ON LONG SIDE (e) SHEET ON LONG SIDE SHEET ON SHORT 
"BETWEEN STIFFENERS; BETWEEN STIFFENERS, SIDE BETWEEN 
DEPTHS OF WATER 284N. DEPTH OF WATER /STIFFENERS; 


4 Fig. 3.—Larerat Deriecrions MEASURED IN AND Suzers 4 
_kind of loadings i in the two series of tests, that quite different lateral pressures zs 
' were obtained in a few cases. _ For each increment of loading the top anol : 
was leveled off, and the corners completely filled before any measurements 
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SHALLOW RECTANGULAR BINS _ 
AND Discussion 
of Pressures. —The data a presented ii in 3, 
“a 5 and in Tables 1 and 2 indicate the | general behavior of the bin in the static tests 
and the fundamental difference between the lateral pressures pro- 
TABLE 2 MEASURED _Sreesses 
Square IN ‘Tor Ratt 


28-Incn Depta or WATER 


i 
Mea- | Com- PaRALLEL TOX | PARALLEL TOY 
sured | puted —xAxis | -— 


Top Under | Top 

|—10,100 | +12,100 
@ Average of stresses observed at points | —9,500 | +10,800 
and 3, Fig. 4(a)._ Gravel 00 10,400 


Center Line 


} Center Line VW \ 


TOP RAIL OF LONG SIDE we 
UNDER 28:IN. DEPTH 
ort the 


—— 
— 
— 
— 
— 
— 
4 
— 
— 
— 
— 
4 
0) +4400 
0 | +3,500 
—— 
| 
Sections in lable Z, see Fig. o(a).) Lhe maximum static stresses and denec- 
tions, measured in the sides under a 28-in. depth of water, exceeded by a wide 
margin those produced by the same depth of wheat and gravel. Differences, | 


| in F is the fluid factor; s, is the (or produced 


between the lateral pressures exerted by various ‘materials 
emphasized by the fact that the stresses and deflections under a 28-in. depth Se 
of wheat exceeded in many cases those obtained for a 28-in. depth of of gravel 3s, 
Table 3 lists the maximum stresses and in the first 


(a) LOCATION oF STRAIN GAGES SECTION y—y; 
AND SECTIONS 28-IN. DEPTH 


(c) SECTION r-2; 
VARIOUS 


ial 


yr 


by granular material; s, is the stress (or deflection) produced | by water; we is 
. the weight | of water; and 7. is the weight of granular material. _ The fluid-pres- 
} factor, introduced for comparative purposes, is the ratio of the e pressure 
ee by the granular material to the pressure produced by the same depth sr 
a of equal weight (ste ‘Table 4). It will noted the factors 


| 
— 
and 
4,000 
— 
= 
flec- 


3.—SumMary OF MEASURED Dara AN ot 


 ‘TesrSerresI Test SerresII ‘Test Serres II 
Berore Brrore VIBRATION |  Arrer VIBRATION 
Stress’ | Fac- | Defiec-| Fac-| Stress | Fac- | Deflec-| Fac-| Stress? | Fac- Deflec- 
(lb per | | tion | tore | (Ib per | tore | tion | tore | (Ib per | | tion 
sq in.) Fy fin.) F 8q in.) F (in.) (in.) 
a) | (3) © | (11) | (12) 


OTTOM; AND DEFLECTIONS 17 INCHES FROM THE BorromM ~~ 


later . 1.00 | —14,800 1.00 

Cement | .... | 6,500 | 0. 0.38 |— 9,700 


(bo) Verticat on Suart Sipe; Stresses 15 4 FROM 
Borrom; AND DeFLections 17 INCHES FROM THE 


Water |+ 8,900 | 1.00] 0.108 | 1.00] .... 
Wheat |+ 2/600 | 0.36] 0.039 | 0.44 


+ 2,200 | 0.15] 0.033 | 0.19 


© Sipe SHEET AT THE Mipp.e Pane. On THE Lona Sipe; DEFLECTIONS 13 IncHEs 


(d) Swe ar THE PANEL oN THE Stipe; Deriectios 13 THE Borrom 


(e) Top Ratt at THE OF THE Lone 

Wheat [+ 1,350 | 0.52 | 0.018 | 0.37 | 
Gravel |+ 1,600 | 0.31 | 0.022 | 0.23 7 


Water 1.00 |+11,500 | 1.00] .... |.... |+11,500 
Wheat 1.14 |+11,600 | 1.18] . 
Gravel 0.58 |+11,000 | 0.68| .... |.... 
Cement | | 0.88.) .... | .... 1414100 | 09 


total of loads at different to Table 


—_ 


— 
— 
— 
— as. 
60 | ©. 
0.51 | 0.175 | 0.63 
0.50 | 0.176 | 0.68 
— ty 
— £ 
0.228 82 
_ 
—— —_—_ 
— n pounds per 


SHALLOW ‘RECT. ANGULAI AR BINS | 


and 3(d), Cols. ‘Sand 


the factor of 1% for wheat computed in accordance \ with usual freight 


responding observed factors for the BLE 4 Toran Weicer or Lo 


ve ere JINDS, CORRESPONDING TO 
2] loading wer appreciably lower, Pou vps, C 


Table 3 also lists the stresses and 


and corresponding ‘fluid- 


second series of tests. It appears (Table 3)| itiches | | wheat | Gravel Cement 
some rather marked differences in — 
conditions of loading that were sup- | 
to be about the same. The * 


| 


tress in the stiffener on the long side: 4,600 lb per sq in. Under 
e second loading, in which the total weight of material was about 10% less 
7 os than in the first tests, the stress at the same point was 8,800 lb per sq. in. _ The el 
‘measured lateral deflections for the stiffener on the long side indicated ap- ea sm 
- proximately the same wide difference in pressures. For the wheat loadings 
5) in the two series of tests, however, the stresses and deflections were in close F 
agreement. These results emphasize the complex nature of the” problem 
considered and the difficulty of obtaining a very exact solution. 
te The vibration tests demonstrated that, when a bin loaded with granular a. 
= materials was vibrated, the lateral pressure increased. gi The maximum 1 stresses: 
measured in the vertical stiffener on the long side indicated fluid-p ~pressure 
factors after vibration of 0.50 to 0. 51 for all materials (Col. 
4 


7 factors, determined by the ~~ formula, are included for comparison. | 


a. 


a in which P is the total lateral pressure per hor izontal 7 in — Hi is sthe 
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equal to 25° was assumed for wheat in accordance with the usually 
i fom ed i in railway car design. — of $ equal to 30° and 35° were selected for 
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ft ibra- . 
er vibra- - — 
63 to 0.82 (Col. 13, Table 3) a 
feners on the long side 59 (Cols. 5 and 9, Table 3) 
ion, as compared to a range SO 0.00 
d 
= 
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ae ee and cement, respectively, as being within the range of values commonly 
=; ee The diagrams i in Fig. 6 indicate several significant trends regarding lateral a 


ag bulging pressures. 4 It will be noted that the range of observed fluid-pressure fac- 


First Loadings 


— 
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Second Loadings 
After Vibration Test, 


Computed By efore Vibration Test 


— 


wis 


a 

4 


= 


Fluid Pressure Fac 


tors for the loose loadings (before vibration) were generally above those computed 

Be, by the Rankine formula. Close agreement between pressures produced by ia 
different lots or loadings o of the same kind of materials should not be expected. 
Gravel and cement are apparently n more susceptible to such variations than 
a 4 wheat, which was generally the most “fluid” in its behavior. Vibration of the fe _ 
test bin resulted in definite increases in bulging pressures over: those observed 
= the initial static loading. It is ‘significant that the mean fluid-p -pressure 


en factor indicated for wheat after vibration was about 50% greater than oe 
= Z computed value. Moreover, the factors for cement and gravel were almost 
equal to that for wheat. On the latter basis, cement and gravel may produce 4 
considerably greater bulging pressures than wheat, a possibility which appar 
: oie ently is not recognized at present in railway car specifications. The ren es 
a of these tests, therefore, indicate that a lateral fluid-pressure factor of F = a 
‘4 0.6 should be assumed for all the granular materials considered, where it is rae: 
im ty evident that impact or vibration may be encountered. 


: = ‘The » measurements of of stress (shown in Table 2) and deflection (shown in a 
mi Lee . Fig. 5) on the central panel of the bottom re reflect a behavior quite different 
: a. from that which would normally be assumed in design. Nevertheless, the 
action was probably quite typical of that to be found in thin- -walled, flat-sided 
< ‘containers under small normal pressures. ‘ The central panel of the bottom had 
an initial upward arc of almost 5/16 in. Under the first 6-in. increment of 
a load this bow “snapped ¢ out,” and the panel acquired | a sag almost as great as 
the initial upward bow. In such a position the bottom was subjected b 
Cle a membrane action, involving direct stresses as well as bending, much sooner 
than if the downward deflections had gradually f from a flat starting 
As will be noted in Tables 2 end 3, the differences between the measured 
stresses and deflections for the bottom under the water and the granular- 
material loadings were not nearly as marked as those observed for the sides es 


the bin. fv Consequently, the behavior of the did not as 


A 
| 
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tive a basis for estimating fluid- -pressure f factors. 
for wheat were . slightly greater than unity, this result is interpreted to mean that — 
_the pressure on the bottom was close to the full fluid-pressure value. Vibration 
% of the wheat ; resulted i in no significant change in ‘pressure on the bottom. — 
Cement and gravel, which generally considered to be less fluid 
wheat under static conditions, showed: an increase in fluid- -pressure 
under vibration, the final values ranging from 0. 85 to 0.92. As far as hie 
ie practical design of the bottom of shallow containers under these types of ea te 


_ Joading is concerned, it is believed that a value of F = 1 should be assumed; 


that is, the bottom should be designed to © carry the full weight of the 


Analysis of Structural —The attempt made to atialyze the 
‘sured: stresses and deflections at few | locations i in t the of proce- ¥ 


rg The vertical stiffeners exhibited the highest stresses, and re that reason noo a 
were perhaps the elements most susceptible to a study of this kind. Three - 
, factors are involved in any computation of stiffener stresses: (1) The amount. 
of side sheet effective with the stiffeners in bending; (2) the conditions of re- _ 
straint at the ends of the stiffeners; and (3) the total load carried by the stif- 
feners, assuming a hydrostatic distribution of pressure | over their | depth. partite : 


_ Effective widths of ti on the of the 


in. | Distance | Indicated | Computed | Comruten Srxesszs, 
from Square Incn | Effective | bending | bending PounDs PER 
bottom 4 _ width, moment, — | Savane I INcH 
of bin, sim inches | pounds- 
in inches inches = 6 


4 


gt —16,400 0 16,400 +5.900 
7 | | +96 | + 3/400 
+286 | +10,500 
ii + 9,000 + 50 | +181 + 6,600 


©The laention of strain measurements on ba stem is shown in Fig. 2. Measurements were made at . 
“the edges of the flanges at the same sections. 


of the ‘stiffener, ‘and the number and effectivences | of the | connections ms between 


stiffener and the sheet. These widths e evaluated 
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On stem On a flange | On stom On flange 
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ensi- measured in the outstanding stem. It was assu 


stress and the location of the neutral | in at a given 


bottom of the stiffener to a , Maximum value of of 3.9 oin in. _ Values for all or all sections — 


; ee ‘The end restraint at the bottom of the stiffeners was estimated from the 


of zero 1 moment coincided with the point at which the 
“hg diagrams for the water loading passed through zero stress. _ These locations oy 
corresponded to’ degrees of end fixity of about 80% for the stiffener on the - 
long side (where the outstanding stem was riveted to the channel base adele ¥ 
and of 40% for the stiffener on on the short side, w here only the flange was riveted 
to the base member. The moment at the top of the stiffeners was assumed to — 
‘The total lateral pressure carried by the stiffeners was determined as that 
necessary to produce a bending moment at the bottom (Section A, Fig. 2) yi i 
_ consistent with that indicated by the measured stresses on the stem of the 
stiffener at that section. For: stiffeners on both the long and short sides of the 2 
bin the width of loaded stelp necessary to provide this moment was roughly 
only about one half that which would have been used if the total lateral load b a 
_ Table 5 compares the stresses measured i in the stiffeners and those deter- 2 ‘= 
mined by computation for the conditions of of effective width, end fixity, ond 
loaded width indicated previously. it appears s from the generally good agree- / 
ment shown that a fairly accurate evaluation of these design factors was 


of the stiffener on the short side of the | hiner was s within a few percent of that a 
_ computed on the basis of the same assumptions made in the computation of — - 
stresses. The deflection computed for the stiffener on the long side, however, | i | 
_ was only about one half of that measured. The latter result does not indicate 
as marked an inconsistency as might first appear, however, since the deflections" @ 
_ and stresses were not | measured | on the same stiffener. a _ Apparently t there was 
ot considerable difference in the loads carried by a adjacent stif stiffeners on the on. 
As shown > in Table the ‘Stresses: measured in the top rail were in fair” 
ih ok t with tho compe uted, assuming that the top acts as a continuous 
agreemen ose comp g p 
al _ rectangular frame of uniform moment of inertia. The question of effective 


= Ww idth of ‘sheet was again i inv olved, tg in view of the location of the point of 
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a 
the length and equal to one third of the total pressure on the side below 


In computing maximum stress and deflection i in the 
to end conditions were made. ‘Fig. demonstrates the ‘assumptions for the 
center of the middle panel. The comparison of measured and computed 


_-stresses and deflections shown for the bottom of the bin} in Fig. 8 illustrates the _ 


~~ 
Ta 


- marked influence that initial out- of-flatness may have on the behavior of 7 
under small normal pressures. initial upward bow of the central 


hich ‘would normally be ‘assumed, Nevertheless, the “observed relations 


Computed for Bendin 28In. Depth, | Computed for Bending 
of Water Plus Direct Stress 


ee TO CHANNEL SUPPORTS 
Fic. 8.—Srresses AND DEFLECTIONS AT THE CENTER THE 
betw een loads, deflections, and stresses paralleled quite closely those 


A assuming that the central bottom 2 panel acts as a flat | plate bent to a cylindrical ay 
aC surface.* If the sheet had been flat in the beginning, it appears that a fair Bs 
"agreement between ‘Measured and computed stresses would 


» Oe Although this investigation of bin pressures was undertaken in nes interest me 


a of railway freight car design, the results are believ ed to be equally applicable _ 
ye to the design of other | types of shallow containers for granular materials. The 
following observations regarding the pressures indicated in the test bin for 
wheat, cement, loose vibrated conditions, 


vibration) were somewhat higher than those computed by the 
Rankine formula, using accepted values of angle of repose; 


“Strength of Materials,” by §. Timoshenko, D. Van Nostrand Co., Inc., New York, N. 2d Ed., 
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SHALLOW RECTANGULAR ae 
b. The produced by wis given granular | 
1 aa aa over quite wide limits, depending on the manner in which the container is 
a loaded and mi whether the material, after being placed, is compacted by ee 
c. In of where vibration. is known to a 
Ey factor, it is proposed that the lateral bulging pressure be taken as 60% of that | - 
st for a fluid having the same ) weight as the granular r material considered; _ 
_ d. The bottom of such containers s should be designed to carry the full weight a 
: ok -e. The measurements on the bottom of the bin indicate that the structural “a 


action of the panels between stiffeners was complicated considerably by the 


ed initial waviness of the sheet. Since this is a common characteristic of thin- — 
walled, welded containers, it appears that attempts at refined or r exact 


‘The analysis of t the observed behavior of t the vertical stiffeners and of 
the top ‘rail (w hich y were the basic strength | elements « of the bin) | ‘indicate the 0 ale 
- importance of such considerations as effective widths of sheet, end | pres 
load in design of members of this type. 
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THEORY FOR SELF- ‘FORMED SEDIME] 


Sh 


te 


Wir 


dynamical of regime theory— “on which to base a a 


applied is that of the 


rivaled mass of data provided by the irrigation canal systems of northern India. 
g These canals were built by British engineers in India at the end of the nineteenth — 


‘body of canals in the world. 

‘ A self-formation of width, depth, and slope. _ Rivers require two more formulas to 4 
'. give the general pattern of meandering. _ The developed laws fit into the — ; 
of accepted hydraulics | and generalize Although these laws | apply to 

a rivers, exactly as to canals, the disturbing influences in the former require 


5 _ described adequately in terms of the one flow formula of rigid- boundary hy- 


Rivers of alluvial plains have the peculiarity that they bu 
boundary conditions out of their transported material or out of material 
_ transported by previous P sain In detail the action is complicated; but the 
q over-all results, when studied in terms of a suitable time scale, show a definite 


- Nors.—Published in May, 1951, as Proceedings-Separate No. 70. Positions and ond titles given are ° those 
in effect when the paper or discussion was received for + 
monten, 
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1e behavior of channels that have formed boundaries from their own ran 
ported material or material of like nature is given 
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pattern of behavior consistent with a theory of —_—— that will be paren 


‘The term ‘ ‘regime’ was .s adopted many years ago, before there was any defi- 


“nite theory, by irrigation engineers who dealt with canals of fairly constant — 
discharge, excavated in alluvium and carrying a sediment load. The term, 2. 
which implies both an epedionse to certain laws and a considerable freedom of ne 
action, is an appropriate one. To declare that a river has acquired a regime is a 

_ comparable in in a general sense to stating that a territory has acquired a climate. 4 
The vagaries of the weather from day to day are great and have not yielded to 
exact analysis. Nevertheless, a regime of weather such as a climate is recog- 

a _ nizable; — reasonably definite laws have been discovered, such as as those e causing ; 


om har from ‘material that has been transported or could be transported at at 


 Arriver is said to be “in regime” in a reach if its mean measurable behavior 
during a certain time interval does not differ significantly from its mean ee 


~ surable behavior during comparable proces before or after the given interval. = 


if the record Shows 1 no 


_ record shows a definite trend, then the river is not in regime, but the behavior i is 4 


consistent with its classification as a 


to require a record of would probably every channel on 
_ earth from passing the test for regime. This peculiarity has caused considerable — 

_ controversy in the more exact applications of the term. Actually there is no 

_ need for controversy since the difficulty arises from a lack of sense of proportion. 3 

All measurements of physics imply a scale. A simple example is the case of 
measuring the velocity of flow in a channel, using a current meter. | Measure- 
‘ments occupying a few seconds are inconsistent because of turbulence. Mea- 
surements over a period of a few minutes are satisfactory and are now used 4 £ 

_ universally because they yield values practically suitable for an average veloo- 3 
ity. Measurements 0 over a period of many minutes would be influenced by 
variations of the mean and would prove useless. There is no dispute as to the 2 
practical existence and utility of a “mean velocity,” -although rigorous logic 

4 might prove that no such quantity existed, As a further example of the ya 


os portance of a ascale, in ‘conditioning view ‘point, ,, engineering lengths would not be 


measured by a scale to indicate molecular subdivisions. 
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: able be — 
they always indicated practically that the section is not of regime type 
1, and the chances are at ato sand cover, Beds of 
a regime canal, ined with stiff clay without a sand cover. 
= sit would probably be lined with stiff 
— 


avated in and sections that prevent deposition o1 or scour are 

_ However, an entirely cohesive boundary may have become 


suspension, because the section is too constricted to permit deposition. This 
a5 case is unusual, and, if the observer did not know that the scour had occurred, 
’ 2 he would be justified in classing the channel as a nonregime type if he were 
; interested i in channels with sand beds. if he were interested i in the history ¢ of ; 
_ -boundary channels carrying sand-free water and if he knew that scour had _ 
would classify the channel as being of regime type. A rock 
would always be nonregime when free from | deposition. 
©) Suppose surveys of a considerable length of river were available e every iv 
year for thirty years, and suppose the mean meander length of fully developed Py 
_ meanders were calculated f from plans every year. If the first fifteen-year mean a 


came 1 mile ue or minus a ‘standard deviation of 20%: and if the second 


4 


a 


high or low stage. not b be found i alluvial plains 


Enough has been said to indicate use of the term ‘ ‘ied 


that even simplified cases may introduce complications. The question now 
2 arises as to how much is known, without special regime theory, , of behavior that 


would indicate the existence « of simple laws. The following statements should © 
meet with no objection: 


_ (1) Osborne Reynolds observed?? that, i in ‘regime-type rivers, "small dis- 


charge meant relatively great depth with ri respect to width, and he concluded that 


the exaggeration i in the slope of small | channels was the same as the awa 

of depth-to-width 1 ratio. - This is borne out by the | experience of river —, 

4 a who have all found a the bed material refuses to move = 

(2) It i is a general observation that, aside from the effect of material, large 


ers have relatively flat slopes and great widths ‘compared with depth; 
q ea (3) Coarse material is associated with steep slope and greater width- fot 
—— on an 1 equal dis discharge basis ; 


ra 


_ 2“*Uniform Flow in Alluvial Rivers and Canals,” by Gerald Lacey, Minutes of Proceedings, Inst. of Civ. — 
a Engrs., London, England, Vol. 237, 1933-34, p. 421. 


7 Channels in Alluvium,” by Gerald ibid., Vel. 229, 1929- 1930, p. 
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lculations are consistent with regime so t use of the 
these particular cale tion whether such a test makes the best ust 
. . istics does not matter for the presen ingle bed that does not move 
tisties does not mat shingle bed tha 
J ¢; h t torrential Tiver has a nd Such | 
except in high flood. b one regime w 
| river is of regime type. in another regime when in spate 
a a the sand by saltati . lling. To decide whether a. 
flow) with the sand = be to record “specific gages at 
the river is in regime the best me 
_/ = 
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(5) The varieties of meander pattern occurring in large rivers find their ag 


Apparently, simple laws are at work in regime-type rivers; yet there 
a ats many examples | of engineers who ; fail to foresee retrogression b below dams on such 
_ rivers and aggradation u: upstream from the reservoirs. Perhaps the best hint of a 
a Thy fy 5 the nature of one of the laws lies i in the analogy between “smooth-boundary” e. 
i in ‘pipes and regime-type flow. In the former case & ‘simple fluid forms its 
own boundary with its own substance so that the resistance law is expressible 
in terms of viscosity without any reference to the material of the pipe. In the 4 
latter case & water-sediment complex : arranges itself so as to form a watersand 
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(d= Mean Depth 


PIPES 


at 


Growrs or Regime THEORY 


e vagaries. of ‘discharge and the heterogeneous of banks 


| 
cs regime- type rivers practically useless for analysis aimed at deriving quantitative 2 
laws. 


is 

— 
— 
— 
bed zone of considerable complexity and sometimes to Duild a pair of banks of 
fine sand, silt, and clay. Consequently, the flow formula for regime-type 
a = rivers might be expected to be a generalized case of that for rigid “smooth” = a. 
— * 
<= 
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reference i is given to the canal systems of Punjab Province, India, with 70,000 
ft per “sec of authorized ‘supply and 20,000, 000° acres” of irrigation. “The 
United Provinces (India) and Sind (Pakistan) provide comparable ae os 
oe The channels of all three provinces are mostly in alluvium and derive water ie 


from regime-type rivers without storage. The American counterpart of oneof 
a the Indian canals is the All-American Canal, Arizona-California. The Punjab, mi reg 

being the major irrigating province, affords most information. Major canal — : : 
he: work started in the 1880’s with two canals of 7,000 cu ft per sec and 9,000 cu ft _ Bs ied 

per sec capacity. They were excavated in alluvium on the basis of the Kutter oer.” 
formula, using arbitrary slopes and widths. They were characterized by an 
—, sedimentation—worse in the one e with the lesser ground slopes—that - 
. persists to this day. These difficulties caused R. G. Kennedy‘ to study ‘the 
a relation between velocity and depth in some channels that mrt no trouble, and Mas 


} 


a in which V is the mean velocity, dis the mean depth, and cand N are variables. — 
Wy a Mr. Kennedy produced design diagrams that give the » simultaneous solutions of 
the Kutter equation and Eq. 1. As canals have three self-adjusting variables, 
> 7 he was one equation short ; so engineers were st still free to design erroneously | but oe 
-_ with only one degree of i ignorance instead of two. In the course of time unoffi 4 le 


: cial rules of thumb were produced to make up for the lack of a third equation. bee § 


grades and side conditions; so his formula is nonrepresentative of any simple 


phy sical condition and has not been used in India since 1930. Sart as 


Mr. Kennedy w was unlucky in having chosen channels of different sediment 


dl cu ft} per sec, 9, 000 cu u ft per sec, a and 11 000 cu ft. per sec, ¢, respectively. | One 
¥ a, serious sediment trouble on one branch but not on the other, be- 
cause engineers did not: ‘understand regulator designs that could divide sediment a 
Another developed very s severe trouble largely because of failure to 
_ understand the effect of approach conditions on sediment distribution in the Bis: 


aw of heavy sediment entering from level crossings provided for drainage bo 
torrents. This condition has been overcome by bed ejectors. In 1914 
_ feeder canal with a capacity of 13, 000 cu ft per sec was built to divert adjacent a 
river water into a system with of 7,000 cu ft per sec. in; The feeder 
adequate slope and has given little trouble, but the main uid of the receiving 


q system became scoured, and material settled in the laterals. 


riod The result of the e: experiences on all these canals was a statement by E. 8. 
Lindley,’ A. M. ASCE, crystallizing in 1919 the principles that had been foreed 


on engineers in their losin losing | battle against nature 


“When an .n artificial channel is toc convey silty water, both bed 
cw banks scour or fill, changing depth, gradient and width, until a state of | tat 


_ Prevention of Silting in Canals,”” by Robert Greig Kennedy, Minutes of 
Inst. of Civ. Engrs., London, England, Vol. CXIX, 1894-95, 


me 4G +> om Channels,” by E. 8. Lindley, Minutes of Proceedings, Punjab Eng. Congress, Lahore, 1 ad 
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balance is attained at which the channel is said to be in ‘These 
regime dimensions depend on discharge, quantity and nature of bermsilt, ay 
and rugosit$ of the silted section ; rugosity is also affected by velocity, which 
_ determines the size of wavelets into which the silted bed is thrown.” 
Although details of the statement may be criticized, the point to notice at a . 


_ present is that the existence of three self-adjusting variables had been accepted, = 
with nature choosing the magnitude of each to suit the discharge /and sediment _ ‘ 
‘load. Mr. Lindley also stated the following results of observations made _ 
the feeder canal (13, 000 cu cu ft per sec) while while he was in n charge 0 of it: -_ 


in which = average width of the channel. still acvepted the 
a formula, and apparently he did not suspect that the exponents in indicated phy si; 
cally significant Jaws based on the values} and}. 


of canals from four diversion was in the latter half 


7 had used it unofficially so that these canals gave little sediment trouble. ‘la 
The major theoretical step followed the United Provinces Government’s a 


= 


% placing Gerald Lacey on special duty to analyze. data to find the laws of regime. e b 
results are available®-*-*7 although not very easy to apply as written. One 
account that is applicable in practice is an unavailable Indian publication. 
‘The formulas have been accepted officially by the Central Board of Irrigation a ; 

_ of the Government of India since 1934,* although they had considerable use — 

Since the introduction of the Lacey theory, Research In- 
st titutes of the provinces of India and Pakistan have subjected it to most 
searching field tests. by choosing channel field sites and observing them - 

intervals of a few days for several years. The results vindicate the exponents _ 

e in the Lacey equations but show that the constants depend on sediment grade; _ 
the ‘Single * “silt factor” ’ F is not adequate. In fact the insertion | of field data 
7 into the equations s derived by Mr. Lacey | giv es values of F that are found to be 4 y 

functionally related. In 1941 the writer haat King showed a method of 

separating F into a bed factor and a side factor, 

found to apply more consistently than the original silt factor F. This ge general 


ized Lacey theory i is the one presented in this paper. 


__ 6A General Theory of Flow in Alluvium,’’ by Gerald Lacey, Journal, Inst. of Civ. Engrs., Londen, 
England, Vol. 27,1946, p.16. 


(be _ 7“*The Behaviour and Control of Rivers and Canals,” by Sir Claude C. Inglis, Publication No. 18, Govt. 
a India Central Waterpower, Irrig. and Navigation Research, Yeravda Jail Press, Poona, India, 1949. an 
* Constitution of the Research Committee of the Central Board of Irrigation with a Complete List of 
__ Resolutions of Research Committees up to and Including the 10th Research Committee in July, 1940; 


leven ‘Effect of Dynamic Shape on Lacey Relations, - by iT. Blench and Cc. King, Annual Report ( Tech), a 
1©**Practical Design Formula for Stable Irrigation Channels,” by C. King, Annual Report (Tech), 7 
de L’Ecoulement Turbulent,” by T. Blench, La Houille Bene, N. 8., No. 3, May, 
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* x servations on a practical 1 regime channel may be likened to observations of ie 


‘ 


A canal system built i in India in 1936 with a capacity of 5, 000 « cu vit per sec A 


similarly i The old canal systems hon been 1 remodeled 
and with n notable success according to to Lacey’ principles since the inception of the bid 
ov may be said that, nowadays, armed with regime ‘theory, the engineer finds é 
_ what the canals want to do, and he does it first. With care he can adapt the Bik 
_ theory for rivers ; but without an enormous range ofe canal 1 information henever 
Lacey regime theory*:*:* was developed from observations on both canals 
> rivers. The generalized theory used. in this paper rests on the analysis of i : 
data alone, it is that the behavior of rivers is consonant 


data are ‘used implicitly. Data taken from field observations of 
Research Institutes of the provinces others used | in addition. ‘The 


The canals from which data are accepted were to be in 
of t the various sources of information use used, som > of the dat: data accidentally 
= to o steady but not. regime sections. be clear from the beginning 
2 that perfect regime does not exist in nature any more than perfect a 
_ exists, but there is | no doubt about the existence of a practical Tegime. — 3 
position of a planet describing an equilibrium path with slight perturbations. fears 
Sufficient observations, when plotted, indicate the major law of equilibrium. ss 
The regime canals observed possessed berms. A berm is a step in the 
at about the of full- supply level, and it exists whether the 
and no Common practice is to excavate the sides 


e a below berm level to a slope of 1 on 3, this being about the inclination of self-— 


formed sides. Sometimes sides are excavated at slopes of 1 on a Maintained 
sides acquire a slight curvature. Maintenance consists of periodic cutting back 


to prevent meandering (the sides usually grow in again we deposition) and 
cutting back of grass edges that would tend to overhang. — Usually the side — 


material is of silty clay-loam nature. we 


ii c. The beds of the regime canals were covered by clean 


moved in dune or ripple formation. Fig. 2, froma model of selective deposition 
flume shows the high-level bed i ‘int ty nical formation. Apart from the dunes the 
; bed, in straight canal reaches, was of visibly uniform elevation across any sec- 


about the distinct nature of the and bed nor the of vefer- 
_ to the depth d from level to practically flat bed) instead 
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= of a mean depth. _ There have been references to ideal elliptic se sections; they x 
_ find no support from observations on channels with cohesive sides, 
a: a d. Discharges in the records ranged from about 5 cu ft per sec to 10,000 cu ft 
A per sec with most of the data between about 20 cu ft per sec and 500 cu ft per 
gh ‘Standard practice is to run 
supply or close them. 
Laterals technically pint include those 
canals with discharges up to 500 cu ft 
sec, but few exceed 150 cu ft 
Channels in excess of 150 cu ft 
per sec have _ short- -supply periods, 


q bs but the bed is then unlikely to = 


F 


river season ; therefore, large 
not necessarily that the 
channel has appreciable periods 
short supply. . Generally, “however, 
the data for channels with flows as 
«great as 500 cu ft per sec may. - be 
expected to give least scatter due to 
variable discharge. The 


the if by current meter, ‘but measure- 
_ ment will be accurate if the channels are fitted with meter flumes. es. 
6, The temperature variation of water was from about 50° F to 85 5° F, 
4 causing considerable variation in “viscosity. Turbidity caused a small but 
appreciable change of viscosity. Fortunately most formulas contain viscosity 5 
oF ‘ f. The sediment grade exposed on the bed was from about 0.1 mm to 0. 5 a 
“1g mm, the vast preponderance of sample mean values being approximately 0. 25 : 
pe ‘mm. The sediment in suspension during a year varied from extremes of zeroto __ 
‘ an about 1% by weight of flow and seemed to have little effect on the the ‘movement a 


a: bed material. However, suspended sediment is important in berm formation. : 
—— movement of bed material in the saltation phase is probably abc about; 007° 


at ie) g. The important Reynolds number is the one in terms of width, and it 
i 4 ranges from about 10° to 108. The square of the Froude number i in terms of © 
a a depth ranged from about 0.5 to 1.5 times 1/g. Width to depth ratios varied 
The data included torrents transporting material up to approximately 
size; but the generalized theory does not rely on these sizes. There is no 
reason for excluding coarse material on the that it does not 
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saltate like fine material. This ; peculiarity would alter the of any relation 
q bs between bed factor (defined subsequently) and size and other factors of bed 
a material, , but should not alte alter relations between V, d, b, slope, and bed factor. 
The grounds for objection a1 are that channels coarse ma terial are usually. 
a those with variable discharge, and they do do not present definite cohesive banks ~ 
sl a the s scope and nature of the data are not appreciated, there will be timidity _ 
in extrapolating where permissible, and possibly error will be committed by 
extrapolating to email models where the sides mask the bed completely. eK < 


laine 
Ih a complete exposition it aise be necessary to ston: an oii of the 


‘to pf and will otherwise i ignore that very y valuable treatment. 
- However, it should be mentioned that (presumably because of the nature of the | ares y 
_ data available from records at the time) Mr. Lacey used a single sediment factor — 
F, thereby effectively obtaining results for a physically possible set of channels” 
= relative importance « of side action to bed action had been ‘ ‘averaged out” at <a 
to some arbitrary value. This permitted him to work in terms of ‘wetted 
perimeter (P) and hydraulic radius (R). Mr. Lacey sought simple exponents» 
as indicated by his plottings within the limits of statistical significance. — The | baa 
_ exponents in the Lacey formulas are suggestive of relations that have a. 
interpretations consistent with the findings of rigid boundary hydraulics. As” 
_ the channels are generally wide compared with depth, an analysis in terms ~ Seas 
depth (d) and mean width (b) will yield the same exponents within the limits a 
vy of statistical significance. ~ This fact justifies replacement of P and R, as used i in 


a the Lacey formula, by } and d in the generalized theory. _ Mr, Lacey always A 


The first ‘of ge generalized regime theory is? 


7 in which Vis is mean me of flow, di is depth from water level to flat bed, and pb i 
a Bis a bed factor related to the nature of the bed load and constant as long ¢ asthe a 
_ factors relevant to bed load are constant. The formula is accepted as exact : 
“ed when constant discharge, constant bed load, and regime conditions have been 
= Dividing both sides of Eq. 3 byg ‘(the | gravitational constant) : — 
ii that the Froude number in terms of depth is constant when the bed load is — 
* fixed. Obviously Kq. 3 provides the means for defining a dynamically satis- be 
‘The formula ' was derived by c continuing g the Kennedy line of investigation 
: (Ee (Eq. 1) with more complete and accurate data. From channels of many sizes ia 98 
one system Va nd d were plotted logarithmically against each other. When 
= the e formula was indicated (with an exponent close to 2) for one system, then 
‘ with an different at type of of sediment load w: load was 
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os and so on im is noteworthy that some care must be taken in choosing channels | 


— at random within a system. _ Thus s channels ofa given discharge range must be 

selected from different parts of a system, for some systems have channels — 

equipped with head regulators that take more than a fair share of bed sediment, Fé 
; so that the bed factor drops progressively from head to tail of the system some — 

150 miles ith proper random sampling the resulting | plot should give 


bed load entering at the head of the main line: 


in . which b bis iat for convenience as the width that, multiplied by d, gives o 
cross- ‘sectional area of flow. Eq. 4 defines a side factor, s, that (after some di- 


for regime and is to real regime 


- The formula v was derived by theoretical argument? sah in the process of 
finding the reason for universal agreement on the exponent } in the Lacey : 

Gin which Q is the discharge). The formula is equivalent vit: 


There is serious disagreement over.the 2.67, which obv iously to 


be replaced by a variable dependent on the nature of the bed sediment. The— 7 4 

detailed derivation of the meaning of Eq. 4 requires a little more than simple ee 

hydraulies and will be found in Appendix I. The line of 1 is as 


‘Universal acceptance of the exponent } in 1 Eq. 5a, based on data coveringa | 
very wide range (see, for example, Fig. 3), suggests that the qupreeinee P/VRE + = 


in’which the numerator has physical significance. Therefore there should nil ; 
phy sical significance i in the denominator. Since V?/d is a force per unit mass, 
(which is associated with the sides) is probably in some way a measure of 
tractive force on the sides. Appendix I shows that p? v measures the 
square of the tractive force intensity on the sides (except for a multiplyi ing con- 
stant) provided that there is a laminar film at the sides (that is, provided pool = 
_ the sides are technically ‘ ‘smooth”). Therefore, the presumption is that t the me 


— 
— 
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— 
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lie any where between that preventing the deposition of material 2 in suspension ae 
that which sco scours material already in place. considerable range a of values 

of s is possible _ without violating the condition of regime. Furthermore, vis- : 

- cosity varies considerably, and it is hard to assess when water is turbid. There Meee > a 

third equation of generalized regime theory is 


in which Si is channel slope measured as & | fraction, C is a nondimensional con-— 
stant, and V b/vi is the nolds number in terms of w idth. 


< 


Fis. 3.—W ETTED AS A FUNCTION OF 


Bai Data supporting Eq. 7 are shown in Fig. 1(b). Plotted to the same scale, = Sy 


wt 


displaced to make pipe and canal data more comparable, Fig. 3(a) shows the - “a ¢ 


data for artificially pipe (D : =. diameter) reported | by Nikuradse. 12 
om ‘jae only. “The physical significance lies in the parallelism of the lines a 

in the two sections of Fig. 1. . Mr ‘.King"* made them collinear merely to > empha- 

size his point that the flow formulas are similar for different boundary condition 


“Strdémungsgesetze i in rauhen Réhren,” J. Verein Deutscher 


“Stable Channels in Alluvium,” by Gerald Lacey, “Minutes Preceding 
London, England, Vol. 229, 1929-1930, opposite p. 58. 


sides of most of the canals observed were “smooth” and thatthe Lacey formula 
a } _— expressed nothing more than an averaging out of the relative importance of bed Sia _— = 
mt : to sides as measured by the ratio B/s. That is, all Lacey channels are regime c — ~~ 
channels, but not all regime channels are Lacey channels. 
Logically, s would be better replaced by vs. Practically, this step is not 
av) — 
a 
: 
+ 


ime channels should be a generalized form of that for channels or pipes with 

_ smooth rigid boundary, and Eq. 7 shows such is the case. Advocates of the 

~ Prandtl- -von Kérmén logarithmic type of formula may dispute the applicability 

the Biasius The Blasius formula for pipes gives the friction 


= ness of the Blasius line ths locus of Eq. 8). 
7 can 1 be into “rough by it in incombina- 


in which Vy 3/B ii is a linear dimension that may | be. called ; an ‘ “equivalent pro- 


tuberance height.” This shows that there is no o contradiction between Eq. 7 
and the fact that bed dunes obviously produce 1 what is usually. called ‘ ‘rough- . 
ness.” In fact, the results merely indicate that there seems to be a universal } 
f formula, just as there is a universal velocity distribution (to proper 
dimensional coordinates). This universal formula yields the special formulas. 
i> - when equivalent protuberance i is properly expressed. As a flow formula may 2 
be derived by integrating a velocity distribution formula, the assumption of — = 
universality of the one implies universality of the other. This idea has been put — i 
forward previously"® and that the known Manning formula should 


little of Eas. 3, 4, and 7 will yield | 


alent 
»' 


shows that a regime itself so that the: rate at which gr: 

does work per unit mass per unit time depends on the three factors specifying 

a the water-sediment complex and does not depend on anything else—particularly 

‘Thus the three formulas of regime (Eqs. 3, 4, and 7) not 
AP: _ framework of conventional hydraulics but also generalize it. 

Practical Regime Formulas.—Kqs. 3, 4, and 7 are use 


= because the designer wishes to know values of b, d, and S to select for given values a 


which D is diameter. Recent data of large conduits for 
greater than 10°, plotted on a diagram of f against Vd/y, contradict the Prandtl- _ 
2 
— | 

tid 
q 
— 
— 
é 
— 
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ee 
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of Q, B, and ‘etn Algebraic. manipulation of the equations will give the design 


( 


‘The of g/vt when 3 averages. 10-5 been found to be 2 ,080. 
Ted designer must assess the value of B that nature (restricted by the sedi- - oe 
Des 
canal sy system. There i is no scientific formula to assist in . making this assessment 
~~ ’s n or an equivalent sand-roughness size for a rigid pipe or channel. _ With ay) 


- the behavior of an existing ‘canal known, an estimate can be made by inanting, ag 
a ‘observed values of b, d, S, Q in the equations, just as a given pipe factor (n) can | 


— be found from performance and will then give an idea of what to expect from 


3 ‘similar m aterial. et is a rough empirical formula , adapted from an — Aw 


expected in the canal. Scientifically the formula is thoroughly unsatisfactory; 
“aT practically it fits many cases quite well probably because the quantities in move- 
- ment i in saltation are b very minute in most practical canal cases. If the canal is 
by river with sand shoals, the estimation of D, from the sand should be 
safe, for the expert engineer has many enagie of preventing his canals from receiv- 


a _ The lowest value of B found in Indian canals is about 0.6; the highest v alue ae 
is about 1.25. The common value is approximately 1.0. These values refer to 


ca _ The value to assume for s is about midway between that likely to’ andl ‘ 


scour of berm material in hn and that likely to permit deposition of new 


on berms from suspension. _For = material the designer 


tom engineer to make changes to canal widths within limits, and — apr 


produce permanent alterations to slopes, Although such alterations of slope a; 
= small, they can produce useful changes to command of flatland. i" 


_ “Uniform Flow in Alluvial Rivers and Canals,” by Gerald Lacey, Minutes of Proceedings, Inst. of 24 


= any more than there is a scientific formula to permit assessing a value of Man-— 4 


| 


ing the fullshare of river-bed sand. 
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cohesion, 0.1. Sand sides of rivers below low tide level give values between _ 
— 


Regime as Applied to Rivers—As the regim have proved 
existence of definite laws relating to the self-formation of regime-type 


a 


channels, they have an application to rivers of regime type. - However, an 
allowance for disturbing effects and variable discharges must be made in terms of a 
common Sense and the formulas with until sup- 


F 


Determination of scour between bridge piers; 
(3) Determination of scour downstream of piers, along groins 
_ (4) Aggradation upstream from reservoirs ; wer 
Width Between Incised Banks. —W a river in flood flows likes 


> eben incised banks and is fairly straight, the width between those banks is 
fairly well popresonted by Eq. 10 provided maximum flood discharge i is used for 
the discharge Using this Q Mr. Lacey has found” considerable information 


is in substantial ag agreement with oe actual conditions. .Eq. 14 is in accordance’ 
a with the spans of several Indian railway bridges over large rivers that had been 
i. reduced in span ‘during successive remodelings to ‘suit the waterway really 


required. The practice of the nineteenth century was to span everything that — a 


_ looked like a river during flood spill. The formula is acceptable for “shingle”? 
rm rivers also, because their sides are not like those of a canal. In “shingle” rivers “a 5 
and B increase together, thereby making the square root of their quotient 
relatively unvariable. It is now considered good practice to choose the spans | ‘a 
‘ of bridges and barrages in in Indian dian plains’ rivers i in terms of ‘Eq. 14. 

a “Scour Between Bridge Piers.—If the approach of a river to a bridge is fairly aS 

"straight, Eq. 11 may be used to estimate the scour between the piers. It is 

usual to solve it in 10 to become minal! 


‘a in which g q = = Q/b is estimated from the peculiarities of the river. For example, — j 
two thirds of the river discharge may be assumed to go through half the spans a 

of the This element of judgment based o on tt be avoided. 


Scour Dow fromPiers, Along Groins, and at Spur Heads. 
tions on scour at various installations have shown that Eq. ‘ll fits observ ed & 


“Stable Channels in Alluvium,” by Gerald Lacey, Minutes of Proceedings, Inst. of Civ. Engrs., 
London, England, Vol. 229, 1929- 1930, p. 270 and p. 274. 
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exceedingly well in terms of The variation — 

with Q? is confirmed excellently, Q being the maximum flood discharge and a 

ae being the maximum scoured depth. Different types of structures had different ae 

stream from a reservoir causes deposition i in valley upstream because the 

: q “4 slope is less than necessary for regime. The river tends to keep filling its valley __ 
inan attempt to regain regime. At the same time a delta advances into the 
reservoir, giving ever-advancing p pivot points from which the river tries to set 
os up regime slope. The ultimate fate of all such rivers is that they will fill the — 
reservoir and run with regime slope which can be drawn back from the site a 
— the dam. - Although the ultimate fate may not occur for centuries, the rise in ni 
é specific levels at the original lake head in a couple of decades can be serious. ol 
There i a good record of the | behavior of the rivers of the ‘system’? a as 


és from Reservoirs .—Obviously the removal of bed 
sediment by deposition in a ‘reservior must result in retrogression of eee = 
downstream. It should be allowed for i in the location of points of hydraulic 
floors. 
Estimation of Dredging: —In 1948 comparison of the Meyer-Peter formula”? 
_ for sediment quantity movement with the Lacey formula led to good agreement 
‘ with the observed dredging quantities of several years on two rivers in the — 
United States. The discharge used was the arithmetic mean over the time of _ 
record. That the arithmetic mean happened to be so successful is ——: 
_ Obviously, the Lacey formulas do not apply for off-regime conditions, but some 


mean should be expected tosatisfy theformulas, = = — 


Model Scales.— It is common Indian practice? the scales of river 

- models instead of detemining such scales by the lengthy process of trial and a 

error. Eqs. 10, 11, and 12 would be multiplied by different coefficients to allow _ 

for the variability of of such factors as discharge, heterogeneity 0 of banks ee: 
- -andering. However, ‘if arrangements are made to give about the same 

_ factor i in model and prototype (by using the same kind of bed material and in- 

jecting : suitable quantities) and if the side irregularities are reproduced 

~ fully in effect, the scale ratios of the coefficients will be unity, PRIA is 


«18 Puture of Lake Mead and Elephant Butte Reserv J.C. &t reapswant ASCE, Vol. 
11], 1946, p. 1231. 
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‘THEORY 


‘ae have to take | cognizance of the possibility of B, and s, and other: pene 
ratios related to the indefinite factors not being unity. _ As their exact values 4 
would not be known, the model would display difficulties before e functioning — 


the best indication that meander size varies as or as is 
fact that no modelmaker has ever found that he had to distort meanders ; but 
_ modelmakers who did not distort the vertical scale have all met with failure, un-— 
they were not modeling regime-type conditions. ‘There are two extra 
regime equations | to define the influence of meandering i in rivers in terms of a a 
Meander breadth M, and meander length Mi: 
In Eq - 17a, Qi is a representative discharge (usually the maximum flood dies 
“a charge). - The coefficient C is a function of B and of a quantity of the nature of 4 
a very disturbed side factor, s. Tt is also related to the form of the river o 
hydrograph, because the selected representative discharge has to eee 
into: the e mean that is is correct for purpose. 


_ Regime theory provides a dynamic framework for the study of the an : 
(of rivers that form m themselves from their transported materials or from similar 


4 


FROM LAMINAR FILM HYPOTHESIS 


The first step is to find an expression yn for | the relative thickness of the laminar ] 4 ‘fi 
Pi “film when flow i is turbulent. _ Considering a channel i in uniform turbulent flow, ae 


APPENDIX L—TRACTIVE FORCE INTENSITY DEDUCED © 


-y-axis is upward at right angles to it. Then, using the conventional symbolism 

of the Stokes equation for the mea mean motion ¢ motion can be mie 


3 ‘Beale Models i in Hydraulic Engineering, ” by Jack Allen, Longmans, Green Co., London, England, 


1947, 


“A Study of the Meandering of Alluvial Rivers, J. F, Friedkin, 8. 


— 

— 
— 
ttern appearsas something 
When disturbing causes are removed, meander pattern ppeal 
just as definitely characteristic of a channel as width or depth. The conclusion 
that meander length and meander width can be scaled in exactly the same 
—according to observations on models and on masses of river data. Th ville: 
“nature of the coefficients has not been determined, and unfortunately most 

r he 

— 

| ; 
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= 


G 
i= mean Ox; ¢ = time; p = fluid mass per un it vol- 


a 


= body force per unit mass; and V? = the 


Oy? 
and for the fully turbulent of the fluid— ties 


19 X( = gS) is the same for all 
=) Se It is assumed that, as suggested by the form of of observed | velocity distribu- pela 
tions, there is some small distance 5 from the boundary beyond which the tur- ax 
bulent component suddenly begins | to become important compared 
viscous component of shear stress. That is, at distance 6 from the 
the turbulent component is unimportant, but at &6 (in which k is of the — 


ra 


order of 1) it is important. This implies that in the 7 ' equal 


(u’ jut just the film. The first bracketed expression can 


4 — then be : represented by some constant number of times V/8 and the second by - 
some constant number of times V*/d, if it is accepted that there is a universal — 

os velocity distribution law in some system of coordinates. Because the respective | 

cy results depend on the relative positions of the two points in the laminar and | 

turbulent zones, respectively, danddareused. 


One way | to se see that a formula of the type of ‘Eq. 20 i is plausible i is to use 


= AL 


_ however, will not reveal what happens a 


~ turbulent flow is a likely to depend on the Reynolds number in ow of film oe 
thickness and on the relative thickness of film to depth; | 


d ™ If n equals 1.0, Eq. 2 
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fter the breakdown occurs, which is the 
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Ri, 5 ia for the related problem of a boundary layer thickness along a flat plate and does = 
not agree with any of the several conventional forms devised to give an idea of 


¥i 


the magnitude of: thickness of a laminar film without cunstderntion of ‘specific 
Eq. 20 is accepted and if it is that there is a laminar film. along. the 
re. sides of a channel of width b, the relative laminar film thickness over the sides 
be represented by (V b/v)- 4, The shear ‘stress intensity can then 
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ai 


Eq. 22 explains the physical significance given to the term V°/b that i is indicated 4 ¥ a | 

- by an analysis of the formulas derived from the data of r regime canals. ~~ sg ) 
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he M. Laursen,” A. M. ASCE.— —The ‘author will probably frankly 


that his three equations of regime (Eqs. 3, 4, and 7) are 


and that any attempts to rationalize them are simply efforts to integrate specific 
observations into a more general body of empirical law, thereby it increasing t the 
q as confidence with which they may be used. This comment must not be taken as 3 
eriticism since fundamentally all scientific knowledge is empirical—that is, 
based on observed facts; and “laws” are true if, and 1 only if, they allow the pre- 
diction of future. conditions. Whether the regime equations achieve general 


hb ‘seceptance will depend on further measurements extending the limits of ob- a 
servation, rather than any rationalization. The following analysis may aid 


in the interpretation of the author’s regime theory: First, by outlining g the rela- 
oa tions necessary for the solution of the problem, and, second, by examining the » oa 


factors involved in the constants of his sequations. 


ue Only the ‘Manning equation AVR 3) an assigned 
wt 


are for the solution of flow in a rigid channel. For any cross- 
* sectional shape, the value of the hydraulic radius, R, is determined by the area, ar 5 


oo * _ The material of the channel, of course, determines the value of the rough- = 


ness coefficient, 1 n. If the quantity, Q, is known, the one equation gives a og 
we lation between the two unknowns (the area, A, and the slope, S) such that the 

choice of one fixes the other. Usually, this choice is bal- | 


>: 


+. 


+The freedom of choice « disappears, however, when a certain load of 
‘must be transported in a lined channel. Since existing transport equation is _ 
lly similar i in form, the argument does not rr onal on which i is Ory 


a(Q- 


a 


in which D is the diameter of the in mm; a is a “a. 


Qo is a critical term. Despite the introduction of a ‘second equation, the 
bn hs If, now, a channel that is self-formed in alluvium is viii ‘the shape i is i on 

_ no longer a matter of choice but is determined by the flow and sediment char- es 
acteristics. third equation is necessary to replace the former arbitrary 


3 choice of shape, and the author’s second equation of regime represents an ex- or — 


™ Research Engr., Iowa Inst. of Hydr. Research, Univ. of lowa, Iowa City, Iowa. 


™ “Engineering Hydraulics,” ed. by Hunter Rouse, John John Wiley & Sons, Ine. a New York, N. Ne ae ete f 
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<a nes the judgment emplo oyed in selecting the correct Set 8 of n, the successful v use 
re of the regime equations depends on the selection of the constants B, s, and C 
ee not to mention the question that still remains as to the validity of the rdation. |. 
ships for other than conditions in India. lia. Unfortunately, very few mee 
have the requisite experience to exercise such judgment. 
mou _ To assess the physical significance of the author’s regime theory, the fore-_ 

_ going analysis may be carried to a parallel form. A guide to the selection of © 
coefficients will be provided i in that way. Eq. 23 may be combined with the 


bed factor ® becomes 


of 08 to 1.25 given under the beading “Generale Regime ‘Theory: 
Ae Practical Regime Formulas”), if conditions are markedly different from that 
of the Indian plains. That is, the factors implicitly involved in the bed factor — 4 
are now explicit. Unfortunately, every bed-load formula will give a relation 


is slightly different, composed of essentially | the same parameters. 


= 


a 


This i is equiv alent to that the Manning of the chery 


use in this equation of the generally accepted Reynolds number based on 
Ps depth would seem more appropriate, | since in a wide channel the depth rather = 
- rue than the width characterizes the flow. _ However, it might be pointed out that — ‘a 
_ since the Reynolds number is raised to the + power, by including an appropriate a 
the evaluation | of the Chezy coefficient would differ by ay +12% 
range of b/d from 5/1 to 30/1. ‘Thus, = 1, 13; 
SR 
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term a rough in the application of the regime theory to areas other 

ee — India, cognizance should be taken of a possible» variation in the recom- 
mended numerical values, as wellasin the function itself. 

g By combining the first and second equations of regime, a width-depth a oe 

relation expresses explicitly: the factors determining a self- shape. 
a ASE. W. Lane,» M. ASCE, has pointed out, a high width-to-depth ratio is re- 


a quired if the sediment load is large or if the bank material i is. easily | erodible. ot 
The variations in the factors B and s, as given by | the author, agree with this os . 


i _ interpretation. — — To question the inclusion of the velocity, V, in the relation is pk 
5 Res actually a question of why V occurs to the cube in the second equation of regime — is a 


and to the square in the first. _ ‘The writer’s only comment would be that the a a 


first equation is a modified transport equation and the second, somehow, a crit-— 
equation tha that i is applicable when erosion begins. . The corresponding deri- 


vation of the ‘author's Appendix is incorrect, because r= 


. ad The author advances three relations of the type necessary for the solution _ te a 4 

4 of self-formed, sediment-bearing channels. V Whether the simple forms advocated Be a 

a ill be modified or + supplanted i in the future will depend on further measure- 

_ ments, especially of channels outside the Indian plains area for which the 

original equations were derived. assuming that the form of these 

equations may eventually prove prove to be: valid, a high degree of judgment will still <a 

required for the selection of numerical of the factors B, s, and C in a 

the equations. However, the relations do offer at the very least a method of Vo ee 
solution that does not depend on pure guess or or assumption. 


Gerarp H. Marraes,?* Hon. ASCE.—The engineering Profession 


"paper is is designed to awaken their interest i in the Undeniably, his 


that ov over a period of more than a quarter of a century have proved of consider- — 


“Stable Channels in Erodible Material,” by E. W. Lane, Transactions, ASCE, Vol. 102, 1937, Pp. 123. 
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and and for having illustrated its application to practical problems. 
_ the author tactfully has refrained from expressing wonderment at the scant 
ive 


THEORY 


The object of this discussion is to make this aspect oan eer 
Considering first R. G. Kennedy’ s well- -known formula Vi = 0. 84d° it is 


unfortunate that from the start in the United States it was called a formula | 


for a long time American ¢ engineers were not aware ‘that ‘the term “silt” as 
used by British engineers in India ‘included all materials from the finest ¢ grain ‘ 
a3 sizes to gravel, stones, and boulders. Thus, in the case of the large flows re ¥ 


10,000 (or more) cu ft per sec, with which Mr. Kennedy was concerned, the 
“silt” entrained included gravel in sizes up to 1-in. and 1}-in. sizes. Although | 
A most of this coarse bed-load material was prevented from entering the canals hit s 
Z X at the headworks, a certain volume of ‘it did enter t the canals. The writer’ 8 
cS, “ analyses of the original Kennedy | data have indicated to him that the formula 4 
Pte is distinctly an empirical tractive force formula, aimed at preventing = 
’ ccarser materials from forming deposits in the canals. The finer materials in 
. suspension (that i is, that portion which American engineers s designate « as silt) 
Were thus automatically prevented from forming deposits, but the formula — 
¥ primarily was not aimed at these finer materials. _ In other regions where i 
bed-load material is of a different type, the Kennedy formula has ‘Tequired 
On August 24, 1939, the writer had a conference with Sir 
ASCE), then Director of Central Irrigation, India, and C. M. White a 


7 diverted from the rivers in the Punjab into irrigation canals capable of carrying 4 


Imperial College, London, when these gentlemen visited the lower Mississippi 
‘River. During the & riter inquired whether the ‘Kennedy 4 
formula was He was assured that it was. g i 
4 further, about trouble with when canals are operated at part 4 
. _ capacity, he was told that since the canals in India were operated only at the $ 
capacity for which th they were designed, or ‘“‘not at all,” sedimentation had ol 
" . been small. _ The writer - explained, in turn, that this plan of operation, however rs, 
= _ desirable, could not be followed in the arid regions of the United States where ie ng 
of of water did not tolerate running canals full and wasting the unused 
Consequently, he explained, irrigation canals frequently must operate 4 
at part capacity, inviting settlement of all grades of sediment and requiring | 4 
oe periodic cleaning out; for these reasons s American irrigation canals ne not be % 
designed on the basis of a Kennedy- -typ pe e relation. 
The foregoing is cited as it has an important bearing « on the 
y Gerald Lacey. That theory 


 “ namely, it applies only to “salve full flow, whether in canals or in natural 
channels. — The canals have shown that they are self maintaining when n operated 
as described. all Rivers at bank-full flow are known to recondition their - channels, 
 pevied they flow in “‘noncohesive” alluvium, which may consist of silt, 
or gravel Ghingie). _,When ‘rivers are reconditioning their channels, 
they are said said be “in regime,” according to Lacey. * -bank- 


— 
ble worth in th itled to 
better recognition in the United States. The fact that interest in them has 
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ON REGIME THEORY 


— 


full, dominant, or regime flow (all | synonymous terms) i is only one of the many 
__stream-flow conditions that engineers are confronted with in their day-by-day _ 
ee problems. In most of their problems the regime formulas do not apply 
7 a or are of no assistance. _ Furthermore, many alluvial rivers in the “United — 
3 States have become affected by contraction works, bank revetment, channel | 
shortening, and encroachments on their widths ; according to Mr fr. Lacey, 
- his regime formulas are not applicable i in any of these cases. — This s situation _ 
places many limitations on the use of regime formulas in the United States. — 


‘Conceivably, the vers have may still find a for their application i in Canada, 


Tomas Bizncu 27 M. ASCE —tThe fundamental points raised by 
‘Laursen are treated in detail by the writer in other ey The 


following reply to Mr. Laursen is based on that treatment. 
needs requised tant rigid- boundary vs a practical sub- 


~ 


| 


failure to test theories over a wide range ‘The 
tables and charts containing “variable constants” to make these re- 

- Sults serviceable in practice. . Asa result the science has advanced under the 
stigma of “empiricism.” F Gerald Lacey, who founded modern regime theory 3 


as applied to mobile boundaries, followed the 1 normal routine of scientific in- 
a by correlating measurable variables. — He used these variables to i 
define measures of intangible variables over the entire range encountered g 
practice; and he sought to express correlations as simple functional relation- — 
ships containing dimensional or nondimensional groups of magnitudes with 
‘definite physical meanings. The ¢ foundation laid by Mr. Lacey I has served his 


successors so well that regime theory i is now w empirical only i in the sense that all — 
It is true that rigid- boundary and flume transport formulas can be 
- (instead of the better regime formulas) to demonstrate that the three degrees of a 
“th freedom in most regime channels require three independent equations. Never-— 


a 


theless, the e development of a working theory from such formulas is not rec- 


enmended... ry For example, the use of the popular Manning formula te 
self-adjusting variable is tempting; but that formula, in spite of its implicit di- — 
mensional soundness, is merely — a ‘mathematical alternative to the Kutter 

formula with its dimensionally incongruous ‘ “variable constant” and its un 9 
satisfactory background. W hen the formula was applied to regime canals, no “4 
had to be given \ values ranging from 0.018 to 0.0225 to explain the behavior — sn 


channels of the one system with discharges ranging from several thousands to : | se 


27 Associate Prof., Civ. Eng., Univ. of Alberta, Edmonton, Alta, Canada; and Con. Engr. 
“Hydraulics of Sediment-Bearin and Rivers,”’ by T. Blench, (Evans In- 
dustries, printer), Vancouver, B. C., Canada, 1951. 
(Chapter on Rivers and Channels). 
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ON REGIME THEORY 


size range is small ond is accompanied by | genuine changes 


me in the absence of a correct formula, the Manning formula can be eal 


os The second -degr ree of freedom in: n regime channels can n be disposed of 3 


-_- solving Eq. 23 with Eq. 24, but th nfo result (Eq. 25) m makes the bed factor an 


Lan ) n, which the computer must guess, really depends on the shed ie 


ti is a function of Q because of the empirical of Sek formula that 


— (2) G, which cannot be measured, in practice 


a, which is a “variable coefficient” that cannot be assessed with assur- 
ance, wall whose nature needs to be further explained. 


Regime theory teaches: that channels carrying the same water- -sediment 

complex have the game values of B. Under such circumstances, the right-— 

hand side of Eq. 25 is constant, which makes the equation appear as an “em- y 3 3 
pirical” formula, in the very | worst se sense of that word, in which the depth i is ee 
~~ related to a mass of nondeterminable interrelated ‘parameters which are are asso- mS 
ciated somehow or other with the nature of the complex. This example shows a 


the use of rigid- boundary | equations mixed with flume transport formulas 
had little success in the design of regime channels. 

With even the best transport equations in use, the extent of the current — 

basic i ignorance is obscured (not removed) by the several practically unasses- 

_ sable terms involved. In the case of regime equations, , the i ignorance is con- 
centrated in the quantity B, and this fact is generally recognized. tc 

¢ 4 however, the practical estimation of values of B by an experienced engineer is — 


‘not much worse the selection | of n-values inspecting the material i in a 


For practical purposes. s need not be evaluated to a fine 
Myc degree of ie on even a novice can determine its value without trouble ie 
heading “Generalized Regime Theory: Practical Regime Formulas”). 
for the unfortunate separation of flume-transport experimenters from 
Pe knowledge there might now be a reasonable formula linking B with the sediment * 
Ss on which it depends. “ Instead, a great di deal of potentially useful ex- is 
perimentation seems to have been wasted i in observing -nonregime (and, there- 
fore, unspecifiable) conditions. Unrealistic materials were used in testing 
formulas with little scientific beckaround. There a are noteworthy exceptions, 
and the prospect of correlating B with its several constituents | seems bright. — 
The prospect would i improve if original data of earlier tests were made available. _ 
aad _ The third degree of freedom would be disposed of exactly as in regime theory. a = 
An expression is found for tractive force intensity over the sides, the upper ae 


lower limits of which are by the nature of the si sides and by the water- 


— i. 
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— 
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‘sediment complex. However, the rigid- boundary bye 
draulies are related to concepts involved in the flow formula; and the two 
4 theories are still in conflict. The widely advocated logarithmic ot of fow + 


: a formula does not fit practical conduit data*° any better than do the tests of Feast 
ri 


— 


regime channels (see Fig. 1). . A revision of laminar film theory is needed sO By) f. 
a that s can be explained as attempted in Appendix I. In fact laminar films Bet 
- should now be explained quantitatively in terms of data observed on large con- mete 
 duits and regime channels instead of i in terms of assumptions that lead to for- 
. states correctly that the object of the paper is to awaken in- ad 
_ terest; but the writer denies tt that he is surprised | by the backwardness of the ie e 
s subject in the United States. _ It took a long time to develop | interest in India eee a 
where the facts were readily available for analysis. Little advance can be 
a expected until the subject is presented as a whole:in accessible form. The case ats 


oo Extreme Range of Points in a Regime bee 


ae System of 10000 Cu Ft per Sec 
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or 


| 
De; 


Dep 


fi 3.0 20 30 50 


fs ‘daliaitii to that of rigid- boundary | pipe fow, where the ‘ila to a 
f ae understanding is a plot of observed friction factors against the fullest — 
a available range « of Reynolds’ numbers. | Such a a plot demonstrates that there are 
three distinct transitions that yield to no obviously simple expression. Unless 
the whole physical picture is seen and appreciated, investigators must be : ae 
pected to continue experimenting with their own little assortments of mixed 
data, deriving contradictory and unintelligible flow formulas and accusing each |  ——- 
other of “selecting data.” In this paper and elsewhere,”*.2° the writer has tried 
to make the new knowledge | available and to outline its complete ‘picture. ay 
- Once the reader has understood it, and has acquired a sense of proportion, he is 
" will find that engineering ingenuity will permit him to obtain reasonable ap-— = 
proximate solutions to most, if not all, of the problems that Mr. Matthes enh. ¥ 


reasonably believes to be insoluble. sense of proportion is not easy to 
obtain by reading. For example, Fig. 4 is derived from a drawing presented 


by E. W. Lane. It shows two lines between which the writer would a: 


Transactions, ASCE, Vol. 113, 1948, 


q apes ‘A Revised Manning Flow Formula,” by Three Blench, Tec Technical Bulletin No. 2, The Eng. enra 
of Canada, Ottawa, Ont., Canada, June, 1950, p. 7, Figs. 1 and 2. 


# “Stable Channels in by W. Lane, Transactions, ASCE, Vol. 102, 1937, p. 130, 
Fi 
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ane et systems. For actual 1 application, the ra yet to find a report of of 
= > a the misbehavior of American : rivers, which ‘shows a state of affairs that was 
unforeseeable or even unassessable. When he visited the All-American Canal 
= aa (Arizona-California), he found that he could predict the order of slope and do 
width- -to-depth ra: ratio for well-behaved large channels from the « corresponding | 
_ data for small channels; and he could even estimate the order of size of the bed __ 
4 material . Perhaps most noteworthy i is the fact that an analysis of f model scales — 2! 
of the United States Waterw: ays Experiment Station at V icksburg, Miss., since 7 
1938, them to follow regime theory although they were 


ay 


empirical value. the reasons for 1 rensing canals full or closed 
to have been Distributing channels are run full because 


ee supplied a1 are run » partly full and are ‘ “headed up” at Aoi points. Incidenta- . 
the “heading up” results i in temporary inactivity of the bed, and ‘regime 
; analysis would be applied only to full supply - conditions when the bed is active. 7 
_ Even if data for canals were collected to the limit of their availability a 
on the North American continent, there ‘seems to be no 10. prospect that 
. there would be any improv ement on Indian data or extension of their range. 

‘The Indian discharge range covers the largest canals ever built; the sediment _ . 
loads include examples comparable with those of the Colorado River; the za 
bed materials include all sizes in the » sand range; the Reynolds numbers: (in we a 
terms of breadth) are many times qrenter than the maximum laboratory values pa | 


great accuracy (the laboratory ¢ cannot measure accurately); and 
* widths are self adjusting, negatively as well as positively. The most poten- if 
tially fruitful line of advance in North America seems to be in applying the the- ¥ x, i, 
to existing canals and riv vers. Its ay application, like that of rigid- boundary 
hydraulics, requires some training, experience, and familiarity with phenomena 
observed in the field. Unfortunately, on only two colleges in North America 
_ The writer acknowledges that Eq. 22 cheat have a sign of coepuntiendiine a 
+ ee instead of a sign of equality. The implications of the formula then depend on = 
_ the definition of laminar film thickness, leading to a lengthy discussion beyond : 


scope of the paper, 


March, p. 353, Fi 


individual channels. Obviously, hhas 
load among the indiv great until enoug = 
pe sediment loa disprove regime theory will be very 
to prove or disp 
he did not feel inclined to condemn. 
ssad? hy 1949. Possiblv he é 
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By Messrs. Emmett M. LaursEN AND Pin-NaM 


R. (CARSTENS; AND Hassan M. Oy 
- Tests on a rectangular channel, 10.5 in. by 3 in. in cross oadihan: pied 
_ water mixed with different proportions of sand, are described in this paper. A In 
q terms of mean sedimentation diameters, two sizes of sand were used—0.10 m mm 
a and 0.16 mm. The experimental data were used to study (a) the effects of the - Paes om 
presence of sand in suspension on the characteristics of the. flow, and (6) the Ss ” 
momentum transfer coefficient and the concentration transfer coefficient at the 
profile through the center line of the channel, assuming a two-dimensional flow. : 
- The present experiments show that the universal constant of turbulent — 
. - exchange, k, decreases with the increase of the suspended material. The value 
or of k decreases to 0.20 when the average concentration i is 4. 3% by weight. 2 No 


affected by the presence of the sand when the velocity of flow was higher than x 
certain rate. _ This velocity is related to the bed load; it is the velocity at which a 
all the dunes on the bed are carried in suspension; and it increases with the total 

_ load in the flume and the size of the sand used. Below that velocity, \ exceeds 


The sediment transfer coefficient €, was found to be equal to 1.5 times the eee 

‘momentum transfer coefficient, for the 0.10-mm sand and to 1.3 €m for the 

0. 16-mm sand. Both e, and €» follow the normal parabolic form at the outer _ ae ta 
of the a constant at the middle third. | 


they first appear, in the text or by illustration, and are assembled alphabetically 
The modern developments in the turbulent flow theory have ¢ created interest i sae 
in the sediment suspension and the heat flow problems. It was Morrough P. Set = os 
Nore. —Published in February, 1951, as Proceedings-Separate No. 56. Positions and titles given are 
those in effect when the paper or ‘dis 


cussion was received for publication, © 
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F = _-riving the equation for the distribution of suspended sand in a turbulent flow. 


"TRANSFER MECHANISM 


o Brien; 2M. ASCE, who first made use of the Taylor- Schmidt findings in a % 


By e equating the rate of upward transfer, — of suspended 


resulting from turbulent exchange and the rate of > w wt, under 


tational force, Mr. . O’Brien obtained the 


ae Soliaiele w ns the settling velocity « of the sediment i in the still fluid; and e, is the ks 

transfer coefficient forthe sediment. 

Theodor von Kérmén, Hon. M. ASCE, gave the analogy between the trans- 

> Bs fer of mass or of heat and the transfer of momentum. Mi He showed that the co- : 

efficient of all these kinds of transfer should have the same form, but he stated y 
that it was subject to further discussion as to whether those 


equal to the momentum transfer coefficient ae , but , that they seemed to bear - -3 
constant relation to each other. Other investigators ors disclosed ‘that. this 
eee can n be assumed also in case of meen transfer rT Therefore, it may — 


oat 


Iti is known that, for t 

du/dy, in which is the shearing stress at any point; is the 

and p is the density: of the fluid. For two-dimensional flow, t= 

Be (1 — y/ym); in which 7, is the shearing stress at the boundary; and ym is the 4 


a. ertical distance to the maximum velocity—that i is, the plane of zero shear. : 


. The von Kérmén universal velocity defect law’ 


“ey 


SSS 
"Review of the Theory of Turbulent Flow and Its Relation to 
ie —_ P. O’Brien, Transactions, Am. Geophysical Union, Vol. 14, 1933, pp. 487-491 


Mass Transfer Between Phases, x. - Sherwood ead B. B. Be. 
istry, Vol. 31, 1939, p. 1034. 
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¥ The ur universal constant k is used on on the left-hand side so ‘that the right-hand side 
will be a function of only the position. 
«Eqs. 4 give zero values for both «, and at the center of the channel. 
_ Many investigators maintain that the transfer coefficients are not zero at the. 


feo and, therefore, that the equations are ‘not valid at this point. — Mr. von el & 


K&rm4n® explained how these relations were derived from the assumption re 
similar flow pattern; then he stated that in the center part of a pipe the similar- 
ity assumption cannot be correct. es JA. Brooks and W. Berggren’ showed how 
_ L, Prandtl tried to correct that region ar and how the experiments of J. Nikuradse be e. 
gave definite values of €, at the center of the pipes in his experiments. They an ; a 
_ Showed that the two reasonable le assumptions which can be made at the c center _ 
are either to take 88 a constant according to the results of Messrs. Sherwood 
and Woertz‘ or to assume anerrorcurve forém 
S ¢, is constant over a certain region, Eq. 1 can be integrated for that region — 
lo ( ae 
i in which C, is the concentration at any arbitrary reference level y=a. 
If follows Eq. 4b in another r region, Eq. 1 will be to give 


2 Bk U; 


‘Vito A. Vanoni,* M. ASCE, verified Eq. Ta showed well it fitted 
the experimental points in an open channel. _He also showed that the exist- 


4 ence of a suspended load tends to suppress or damp | out the turbulence, causing ae 


7 ‘a decrease in the value of k, the von K4rmén universal constant of turbulent | 
= exchange (Ea. 3). ni _ The main n lines of Mr. Vanoni’s work were extended tees 


y of a closed channel bot nt 


“Turbulence and Skin Friction,” by Theodor von K4rm4n, Journal of the Vol. 
1-2, 1934, pp. 1-20. 

"Remarks on Turbulent Across of Zero Exchange, ” 

_W. Berggren, Transactions, Am. Geophysical Union, Pt. VI, 1944, pp. 889-896. 


1946, pp. 67-133 
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"panded sediment on the of the flow. A closed | 

d selected for these studies instead of an open channel because of the relative ease 

> with which steady uniform conditions can be established and accurate mea- 
surements made. An attempt was made to solve the partial differential ae 
_ tion of the second degree that represents the .e sediment distribution in the case of _ 
i a a circular pipe, but the equation was too complicated to be solved in reasonabie _ 
7 time. As a result the flow between two o wide parallel plates was used. Inorder a 
to study the effect of the presence of sand on the wall roughness all walls of 

_ the flume were painted to make them assmooth as possible. = © 


APPARATUS AND PROCEDURE 


ae Mein Flume.—The experiments were conducted in a closed- circuit flume z 
(Fig. 1) about 10.5 in. wide, 3 in. deep, and 40 ft long. 4 Precise measurements __ 


4 ‘show that the section is 2.986 in. Cle 0.5%) by 10. 507 in. 0. =. 


_ cross section, especially near the center line of the channel, and their interrela- " 


as shown in n Fig. The « cover was ‘sealed at the sides by a 


rubber rod in. in diameter). All the surfaces were covered carefully 


a 


two coats o of bitumastic paint which gave a reasonably smooth surface. a, 


a4 


+. 


Ly 


(a) PLAN 
of Flow 


Fre. 1. AND Drmensions, Cross | Crrcuir ny, 
‘The pitot ‘tube and the can traverse the cross section through an 


were wee windows 5 ft Bg on each side wall and a plastic window in the cover hs 
10.5 in. long and 6 in. wide. _ The water or the mixture of sand and water was “f 
no 4 circulated in the flume by a propeller pump driven by. a variable : speed motor. 4 

Measuring Equipment.—A standard Prandtl pitot-static tube } in. in dia- | 
ie ene was used to measure the velocity. The differential pressure on the tube . 
a water-air | and converted to by 


| 
2 
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assuming a coefficient of for the tube. Two were used t to deter- 
- mine the suspended sand concentration at different points. One « of them © 


rache ached the upper § surface the other reached the Led (see Pig. 3). 
e 


i eee so that the inside dimensions were 0.22 in. Rise a 

by 0.05 in . Each sample was siphoned from tl the flow 

collected in a bottle of 1-liter volume. 

=. The elevation of the bottle and, hence, the head on 

the siphon could be adjusted to give the same velocity 

at the inlet to the sampler as the local stream v elocity - 

te sampling point. The effect of the rate of a al 
4 


- 


sampling on the proportion of sediment removed with 
the sample, as well as the sampling technique, happen 

_ clearly explained elsewhere.*:* The sediment was re- 
moved from the sample by filtering and was | dried and 


a ia general sample was collécted by a special sampler — : 
at the end of the flume. Three liters were collected for ie 


run and they were used to find an average 
“s concentration of suspended sand over the section. — 
This average concentration was called ¢. eta 


‘The pitot tube, or one of the two samplers, could 1 


"be fixed to a carriage contrived so that it could mov “ae aus 
across and along the stream and in the vertical ie 


rection. ‘The three coordinates of the instrument on 


either to locate the position of the instrument 
or to set it at a predetermined position. 
‘The flow rate and the ave average velocity, U, in the | 
were determined from velocity measurements 
| the pitot tube. From complete} velocity _ trav- at ‘ 
“erses in runs 1, 2 5, 6, 7, and 71, the relation: aye 


G Worxixa 


—was found, in which” ul is the average v eae 

along the eontenline profile. all runs, except 
the average velocity was a 
from this empirical elation. This method was 
_ adopted in preference to that of using the venturi 

; meter. The meter behaved erratically, probably 

eee of the presence of sediment in the flow and 


because ¢ of the disturbances from the pump, which is oe 


head | ‘measur 
Thet lost in the flume | was measured four 


_ “Laboratory Investigations of Suspended Sediment Sampler,” 
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| It Irom the inlet. Settling pots were include = 
Report No.6, U.8. Engr. Dist.Sub- | 


in ‘all pressure lines to trap . sediment end prevent it from lodging in the lines, 
static head could be read to the nearest 0.05 in. The temperature of 
fluid was measured by a thermometer at the end of the flume. 
a was very helpful that the same sand which was used by Mr. Vanoni* w vay 8 
sti available. The sands with sedimentation diameters of 0.10 mm and 0.16 a 
oi: ae mm were used in this case. Their size distributions were checked by sieve on + 
analyses s and were found to be still the same. Therefore, his measured values of 
a _ the settling velocity w w ere used in the present work. The size distribution is 
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Bagg 
i ag 


Sieve Opening, in M Values of y, in Ft 
“4 Procedure. oe complete : series of experiments was made for each of the two 
sand sizes. ‘Each series had two variables, the total weight of sand that existed 
= in the flume and the velocity of the flow. | Beginning with clear water, 50 g of - 
sand we were ere added; the weight ‘added each time was about the same as that al- 
% ready in the system, following more or less the terms of a geometric series. — In 
“a general, for each sand content, experiments were made with four flow velocities. — 
_ They were about 1.7 ft_per sec, 2.6 ft per sec, 3. . ft deta eee, an 
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gives the semilogarithmic plot of the velocity profiles along the center line ofthe — ” 
Shane Fig. 6 gives log C versus log h; and Fig. 7 gives log C versus y. ‘The ee 


results obtained from all the experiments are collected and summarized i in 


Number of Run 


| 


Concentration C, in Grams per Liter 


is to be that, for the study of the central part of the 
p the flow w was divided into two parts, one part covered nearly the upper half and — 
a completely separate flow. "This was studied and proved to be true by H. 
Schlichting. 10 H. Einstein, A, M. ASCE, divided the section of open 


trapezoidal channels into three parts, each to one of the sides, 


and he assumed that the roughness of each wall would control the flow in ie 


~ sample of the basic experimental data is given in Figs. 5, 6, , and 7. = ‘Fig. 5 Ea 


“Experimental Investigation of the Roughness: Problem,” by H. Schlichting, ASCE, 
vember, 1937, p. 16 following p. 1834. 


“Formulas bathe the Trenaportation of Load,” A. Finstein, Traction, ASCE, Vol. 


1942, P- 575. 
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Friction 
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4 

Evrect oF ON THE oF THE 
‘The characteristics of the flow can be represented by three quantities: (a) 
von Kérmén’s universal constant k; transfer coefficient 


_Bottom 


Concentration C, in per Liter 


the slope of the semilogarithmic velocity profile will give k/ Uy. Then 


00 

4 
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aus 
that is, 


— log 


By the experimental data M. Bazin, Garbis H. 
that the value of the shear changes along the bottom of rectangular channels. a 
_ He found that the values of U; at the center of the bed, divided by the aver- 
age U, varied from 1.00 to 1.07 for moderate roughness. He did not give any “* 


“Laws of Turbulent Flow in Open Channels,”’ by Garbis H. Keulegan, Journal ani Research, National aa. - 
Bureau of Standards, U. 8. Dept. of Commerce, Vol. 21, 1938, pp. 707-741. : a. 


— the results ean be 
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the bottom wall. symbol Ym is the coordinate 
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data for smooth few measurements, in work, were 


- ede covering the entire section—runs 1, 2, 5, 6, and 7 for clear water and a Suey 
71 for loaded water. Runs 1, 2, 5, and 6 that U; was uniform along the 


_ boundary, whereas in run 7, the ratio U;/U; at the center was 1.04. The _ i a 


distribution of Uy, is an interesting problem and needs more study. This dis- 
‘tribution might have been responsible for the small variation in the values of k ns a, 9 
found for clear water in channels of different shapes. However, it was clear o 
that the distribution of Uy could contribute to the variation in the slopes of the a 4) 
semilogarithmic v velocity profiles, and, hence could introduce errors into, the 
proposed method of computing k. Its effect, however, seemed to be very small 
with respect to the values observed here (k decreased as as ‘Mauch as | 50%). _ In 
present work U; was assumed to be uniform along oF 
Se To find the shear velocity at top and bottom (U,; and 
the flow was assumed to be two dimensional | 
be. therefore, dr/dy = dP/dz, in which p is the pressure in- 
tensity and z is the horizontal distance e along the axis a 
the channel. Assuming a uniform pressure gradient i 
the direction. of flow, 7 will be linearly related to y (Fig. 2 
-8)—that i is, Tot = Tob (Yts/Ym — in which is the total 
a depth from top to bottom honhdery; esis: is the intensity c of A 
_ shear at the top wall; and 7. is the intensity of shear at 


the point of zero shear or the point of maximum velocity. i ‘Fie. 
Also, + Tot) = To in Ww which To is the average intensity of 


shear over the entire re boundary. Therefore, Tob ob it 
To; and Vt. = = Vin Fo v2 Ym/Yes OF Un = Uy 2 Ym/Yer Vp average/p bottom. 
= For a concentration of 33 g per liter, the ratio of the density for loaded water _ 
- to that of clear water was 1.02 and its square root was 1.01; that i is, it would — 
e cause an error of 1%, which i is: within the experimental error. . Forconcentra- 
tions less than 30 g g per liter the correction for the density was neglected; that is 
Up = U; V2 and Uy, = U; V2 (1 — 
These v: values are given in Cols. 11 and 12, Table 1. _ The values of k wh 
a ere computed from these values and the slopes of the (u- versus-log y)- lines, -S 


are given in Cols. 13 and 14. For both sands k decreased from 0.373 to al about ou: 


de = ‘Aig. 9 shows the relation between the values of k and the total load of sand, fe : 
W, in the system for two mean velocities in the channel. The points were — 


_ somewhat scattered but ‘Fig. 9 shows the definite tendency « of | k to decrease with 
: * the increase in the load. For the same total loads Fig. 9 shows that the | 0.16- i < 


‘mm sand had more effect on k at the bottom than the 0.10-mm sand. - This is yf 


true because, for same e total | load and for the same speed, 


it can be assumed that both sands have nearly the same effect on k. 


Moment Transfer Coefficient €m-—Some of the semilogarithmic plots of 


Velocity profiles are given in Fig. 5. experimental points follow sreasonably 
. Thi This is proves t that still 


2a 

a 

—je 

| 

| 

4 
‘ 

| 

| 
¥ 

10) 
the — 
= 
wed — 
| 
ms. 
any 


MECHANISM 

or all those different co - 
= central region should be excluded from this rule. _ Messrs. Brooks and 


cause an appreciable difference in the values of € For - example, a con- 
stant €m Will give a second-degree parabola for the velocity profile, and this 4 
a ~ parabola can fit the velocities reported by Mr. . Nikuradse for R, = 43,400 a f 
within 0.6% over the middle half of the section. Iti is difficult to evaluate e, 


thle region from velocity measurements, because = and both 


a et and du/dy approach ze zero at the center. For this reason, no attempt i is made .. 
this stage to evaluate from the velocity profiles. 
directly by studying e, and the relation between €m and 


Symbol Region ‘Sand Size 
0.10 

0 16 | 


Lower 0. 16 


Total Load of Sand in Channel (Kilograms) 
1G. or & WITH Toran Sanp Loan, W, THE CHAN 


Coefficient of Friction, i. a Keulegan” furnished the relation | between the | 
coefficient and the Reynolds number for a smooth rectangular 


mi ic law at high of the stream. This occurred in 


re 


/X = a, — 2.25 + ol! 

ney rik alt ae 

In Eq. 11 ll,a, = N- 2.3/k log N;R=4nrn and N is the characteristic 

alue of of the parameter U; to which h the transition | between the 
laminar film and the inner turbulent region corresponds. = ee 
Taking N = 11.6 according to the experiments of Mr. Nikuradse, 

0.373 according to Table 1, runs 1 to u becomes 


dee 1.32 + 2, 18 log 
Fig. 10 shows such a curve with the experimental The ¢ curve fitted 


the points of the clear water q quite This that the walls 
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Taking the curve versus R of Eq. 12asa reference, it can be 
_ for each concentration of each sand, there was a certain critical Reynolds : 


i% ~ number below which the friction coefficient began i increasing with | respect | to 
that of the clear water, and above which the coefficient of friction for all con- 
centrations was practically the same. It was observed from the glass windows 


value R to the velocities that "were able all 


aie, 


Calculated Values of 


~TEGEND 


© Lower Portion 


0508 » A 1216 2 
sweep all the dunes from the floor. Below these critical values of R an. appre- » 4 
ciable fraction of the sand was moving as a bed load in dune forms, and ae 


increase since most sand was already in suspension. It just re- 
- distributed itself, as shown by the crossing and overlapping of the concentration =] 


owe 


The two sets of curves given in Figs. 6 and 7 show the sediment distribution 


over the ‘section. — Fig. 6 was drawn to verify Eqs. 7, whereas Fig. 7 was drawn 


* For most of the depth of the channel (excluding the central | part) Fig. 6 


ie sare smooth. The general pattern of the results plotted in Fig. 10 agrees ver a mY. 
— 
— 
ae 
— 
— 
— 
— 
these values of K there were no dunes and most oi the sand was Carried 2 
— 
8"The Transportation of Sand in Pipelines,” by M. P. O’Brien and R. G. Folsom, Publications in 
Engineering, Univ. of California, Berkeley, Calif., 1937, Vol. 3, No. 7, pp. 343-383. 


discussed: to this is due to sand grading. 
According to Eqs. 7, the slope of the lines of log C and log h must be equal to z. ie 
a“ The values of z measured by this method are § given in Cols. 20 and 21, Table i, 7 
whereas the calculated values of w/k Uy; are given in Cols. 18 and 19. The | 
upper and lower halves of of the ch channel were treated separately. _ Fig. 11 shows © 
the relation between the measured values of z (which should be w/(8k U;)) 
and the values of w/(k U;). The linear relationin both curvesforthetwosands 
Fs shows that the assumption of Eq. 4 is fairly reasonable. For the 0. 10-mm sand, = 
= 1.5; and, for the 0.16-mmsand,8=13. 
“ha _ Fig. 7 helps in studying the central part of the flume. . The: straight p parts of . 
- the curves 3 (Ww hich always oceur | in the center) indicate | that the assumption of ae 


- a of the flow (which will be called aii can be evaluated directly from Eq. Pd 
and from these curves. The nondimensional values €,¢/(8 k ym Us) are given 
in Col. 22, Table % _ ‘This value is nearly constant for most of the runs, for both © = 
- ag the sands, and its average value is about 0.22. The only runs that are far from aa 


Ald 


Fie. ForM OF és OR 
7 this value are rien atlows speed and high concentration. seat the latter runs big 
dunes were observed and the conditions of the flow were believed to be unsteady _ a 
because of the periodical disturbance caused by the travel of dunes past the Py i 
measuring point, so these e readings were excluded. _ The straight part, and — zoe 
_ accordingly the constant ¢,., was observed to cover at least the middle third of in sy oa 
the channel depth i in each run (Fig. 7). When was measured and compared 
_ with the parabolic. form of Eq. 4b, it was found that it would intersect it at the — a 
third points, asin Fig. 12. According to the present experiment, Fig. 12 would 
the most, ‘Teasonable approximation | of the form « of 


_ The bed load was observed through the glass windows. For high speeds and | os 7 

“high concentrations it was not possible to see what was occurring. " For small auer _ 

. loads of sand and for low velocities the bed load was in the form of streaks. ets is 

These streaks were not very steady and their particles were moving in steps. 

% W Vhen the velocity was increased, all the streaks disappeared and the particles B 
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began t to ) appear on the ‘bed at as dunes a crescent shape, sn 7 
appear every 5 ft or 6 ft the Ww hen the was 


_ the number of those dunes increased and they started joining each other to ee 
re one dune that extended across the channel. The form of the bed load is de 


=: A new phenomenon was observed for the maximum loads reached in the a 


case of the 0.16-mm sand. During run ‘119, which | was” made with the low 
mil f velocity | of 1.7 ft per sec, very large dunes or waves were observed on the bed. ‘ a 
They occurred irregularly every now and then; sometimes two might follow cS 
ae each other ‘closely a and sometimes more than half an hour elapsed | between these 4 3 

waves. A wave was about 20 in. long and 0.6 in. in maximum height | and > 

F Fe would cover the full width of the flume. The dunes and waves of sand in that “a 
i. run were so large and unsteady that the entire flow was considered unsteady; 3 a 


<< 3. am ith the same concentration but with higher velocities it seemed as if the P- es 
‘= dunes and waves were smoothed out and that a uniform layer was moving along Z 
i. the floor with small dunes on it its surface. In run 120 this layer was about 0. ” 4 
“4 thick, ‘and the dunes were about 0.05 in. high over the lay we “= ‘a 


Effect of Suspended Load on the Flow—tThe results of the studies can be 


appraised by a discussion 0 of the effect of the suspended load on four character-— 
istics of the flow: (a) the univ versal constant; (b) the momentum transfer coefli- 


cient; (c) the friction factor; and (d) the velocit distribution. 


@ The Universal Constant, k.—In his similarity theory of turbulence 
pattern Mr. von Kérmén*-* * introduced k as the factor of proportionality be- ag 


7 


_ tween the velocity d derivativ es and the mixing length = Vk, in which ‘Bw 


is the Prandtl mixing 


aa re k will remain constant over the cross section of the flow. The ae 
j a. in the value of k, which was observed by Mr. Vanoni, varied from r run to run, a 
e ad but in each run k was the same for the entire re profile. . Inthe present work, k for 

ara the upper part of the section was constant; and k for the lower part was also - 
Pre constant but thada a different value than for the upper part. - This means t thatthe 
one, change i in k was not local from point to point following the different concentra-. i Pi 
ee tions at these points, but changed from section to section and remained =f 

ah _ over each section. , seems, then, that the presence | of a certain proportion of 


a ae sediment in suspension w will affect the main pattern of | the turbulence in the 
entire region from the controlling boundary to the zero shear plane. peo Su 
q a hy The slight curvature in the semilogarithmic velocity profiles observed in the ™ 
uae a case of high ec concentration near the bed (Fig. 5) cannot be explained with any ee a 
local change ink. If k is affected by the local concentration, it should 


¥ uae as the bed is approached and this will curve the line in the opposite direction to. 
a 4 hat shown in Fig. 5. This curvature was s observed to oceur “only near the 
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teed _ This might be evidence that the curvature is due to some interaction oe 
ey between the flow and the presence of the particles at the bed. The question of = 
the local effect of sand on k has been raised by E. R. Van Driest. 
_ By measuring the velocity profiles of the wind above a circular concrete a 
pavement, P. A. Sheppard"® observed an approximate variation in the values a 
a? . of k from 0.6 to 0.2 in the lower atmosphere. - The constant of turbulent transfer 
decreases as the atmospheric stability increases. Mr. Sheppard declared these 
_ values are very rough; the wind profiles at the experimental site were not repre- 
sentative of the because of extent of hes 


ae never er change the U geo: to take care of even a small. part of the 
changes i in the semilogarithmic velocity profile slopes. = bi 
isd (6) Momentum Transfer Coefficient, €m.— —It has been shown how ¢, was 
calculated and how Fig. 12 represents its distribution. The relation (Eq. 2) 
between €, and €, was verified in the part of the section where both em and e, 4 ic 
could be measured directly. It is very reasonable to assume that this relation ¢ 
a ill hold over the remainder of the section—that is, the central part, where e, a 
isnot known. Therefore, Fig. 12 can represent the distribution of €, as well as 
 % Sie curve agrees very well with the curve given by Messrs. Brooks and 
sd Berggren? u under their assumption of the error curve (see Fig. 12). ao The — 
(c) The Friction F actor, —The ‘results of the present, work 
“Fig. 10 agree very well with the results reported by Messrs. 0 Brien and 
Folsom. ‘The findings of G. W. Howard 6 M. ASCE, when m represented 
graphically (as recommended by Josef E. Montgomery’’) agree with the other . ae 
results. Below certain Reynolds numbers ri increases with the concentration, 
"whereas, for greater values the concentration has no effect. Comparing the 
p different curves of X versus R given in this Paper a and elsewhere, ged is clear or. 
that the curves of the different concentrations approach the clear water curve in 
different ways which depend mainly on the size of the suspended material. 
Messrs. Brien and Folsom’* show how the: resistance of the clay 
- deviates sharply from the clear-water curve. - This is similar to Fig. 10(a) for 
the 0.10-mm sand. _ When the size of the sand wa was 5 increased to. 0.16 mm (Fig. 4 
” 100) the curves approach the clear water more smoothly « over a longer re region. 
7 From the careful observation of the bed in the present work, these critical _ 
a velocities are related to the existence of:the dunes on the e bed. — It is clear that o 


= the same load and velocity the bed load will increase with the size of the ~ 


anoni, 7'ransactions, ASCE, Vol. 111,1946.p.106. 4) 
Aerodynamic Drag of the Earth’s Surface and the Value of von Constant i in 


: -™ Discussion by E, R. Van Driest of ‘ 7p eepertetion of Suspended Sediment by Water,” by Vito A. 
Lower Atmosphere,” by P. A. Sheppard, Proceedings, ceorg a of London, January, 1947, p. 208. 


a7 Discussion Josef E. Montgomery of of Sand ot Gravel i ina Four-Inch Pipe,” 
hy G. W. Howard, sbid., p. 1350, Fig. 9. 


‘The Transportation of Sand in Pipelines,” by M. P. O’Brien and R. Publications 
Univ. of California, Berkeley, Calif., 1937, Vol. 3, No. 7, p. 361, Pie. any 
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4 e. ‘The only source of error in evaluating k can be due toa large variationinthe ~~ 
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suspended material. ville that the chances of increase 

i i _ with the increase of the bed load. This is the reason for the dependence of the : 

critical Reynolds numbers on the size of the suspended material. ‘The initial 

roughness might affect these critical numbers slightly. If a channel has very 
rough walls, say, in the case of Fig. 10, it can be expected that the reference line © : 


of clear \ water will be raised. There will ‘still be a transition region, but the 


in which N is canada in a Reynolds-number form for the thickness of the 
_ laminar sublayer 6, as follows: U;/y = N. It was found empirically that 
= 11.6 for wal the clear fluids uids. For 1 rough valle follows the relation: 
(F 4 ) +22 tog 
in which ¢ eis the equivalent rot roughness height parameter and Us is foie died 


‘Tepresented by k and can be cs called the internal factor. The other one e is the 
‘boundary conditions r represented by y either 6 and » if the walls are smooth (or by 4 
_ the roughness height e if they are rough); and this can be called the boundary a 


“factor. ' There are some other factors, but they “appear in terms of of secondary Be 


Two main factors will affect factor is the internal flow 


order of magnitude and so can be > neglected. Whos 
____._ ‘Varying the internal factor by varying k ‘alone and holding the boundary — 

aio jen constant, will change approximately as the square © of k, according to F 
14. must decrease in the presence of the suspended material, because of 
= 4 4 = the decrease in k. As for the effect of the boundary factor, it can be seen that 

. ea with a sediment-laden flow and a continuous interchange of particles between 
= the bed and the fluid, it is quite difficult to visualize the picture at the boundary. 
: It is conceivable that the laminar sublayer will be broken up by the continuous — 

- — _ bombardment of the sand particles through it. This will increase \ and ~ <4 

a: * bottom region will be somewhat similar to the case near a rough surface even if a 
looks: smooth. there are dunes at bed, it is obvious that they 


a. At low velocities, below the critical value, the dunes will i increase » the bound- 
a ary effects an and accordingly A will i increase, as seen from Fig. 10. * Just t after the 
—_ dunes are re swept off the bed, in the case of the fine particles, it seems as ifthe __ 
ve i effect of k exceeds the boundary-layer effect of the sediment at the bottom and J- ; 
is less than for the clear water. This can be seen it in Fig. 10(a). At high 
velocities the two effects pare neatly belaneed ss and is not 
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Velocity Distribution —Fig. 13 shows sc some the at 


: 


the same e values of U. 


shows how the maximum 

velocity and, -correspond-— 
the plane of zero 
shear were shifted upward. 
‘This indicated that the 
shear at the bed was in- 


4 


i 


U=178 
115; U=153 


to! increase e with the dunes. 


the other came into 
the picture and resulted 
profiles such as Figs. 13(b), 
shown in Fig. 10 that \ 
u/U;) was the same for 3 
both clear and sediment- 


and Col. 10, Table 1 a 

showed that in these cases 

maximum | velocity al- 
must equal Uy at the ta Run 117; 3.43 al 


bottom. There is 


big difference between the 
velocity profile slope at 19 


fn 


4 
i in k. is also of interest 
of the velocity profile for Rung U=438 


x Run 118 118; U=4. 


quite a decrease in the wall 13.—Errect or SusPENDED SAND oN PROFILES 


the roughness of that wall had been increased. This could be explained by the 


effect of the sand in breaking up the laminar sublayer and decreasing 
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Sediment Distribution. on.—The se sediment concentration curves of Fig. 6 are 
we  diabale curved near. near the upper surface of the channel. The concentrations in a 
— region were usually very low; and, when some of the samples were examined ’ 
4 


carefully by eye, they appeared | to be finer than the sand customarily usec se ass 

B a a: known that however carefully the sand is sieved it will always have a certain 

deviation of sizes, as shown i in Fig. 4. Dividing the sample 
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Curve Basedone, | “4 
Shown in Fig. 12 
at 


x 


— — 


‘ 


4 into different s sizes, it is clear that _ very fine portion will be more uniformly 
distributed than the coarser portions. Now, knowing that Fig. 6isforlogC and © 

a - the concentration is very low at the top, it is clear that the small proportion — * 
of the very fine uniformly distibuted particles will amount to an appreciable - - 
_ fraction of the sample at the top, whereas it is negligible at t the bottom. This — Bs 
grading i is then the cause of the observed curvature. 4 
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was shown in that. = 1.5 for one sand and ¢, = 1. 
the other sand. These two observed values are not sufficient to establish 
the relation between 6 and the size of sand. More sizes and mixtures of sizes _ ae, 
‘should be tested in the future. Messrs. Sherwood and Woertz! found the eddy 
De diffusion i in the main body of the turbulent fluid for the case of vaporization of © ivy 


Ss water into a turbulent gas stream to be equal to 1.6 €m. Ww. Corcoran’® found we 


LEGEND» 
| Runs 62, 63, 6 2,64 “Gal 
Runs 112, 113, 14— 


Runs 116, 117, 118 


rs 


i 


3 


Shown in Fig. 12 a? 


GF 


7 i that €e, the heat transfer coefficient between two parallel plates, varied between U 


represents the assumed of the nondimensional f 


oi 19 “Temperature Gradients in Turbulent Air Streams,” by W. Corcoran, thesis presented to the Califor- 
nia Inst. of Technology at Pasadena, Calif., in 1948, in partial fulfilment of the ser for the degree 
Doctor of Philosophy. 
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aha that the measured values of k were always us used for slattlonr the pretend 
in this curve. The points of twelve runs for the 0.10-mm sand and ten runs for 
0. 16-mm sand are shown it in Fig. ‘14. . The agreement the experi-— 
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Fig. 15 shows the concentration distribution over cross section 


: “top an and bottom, showing that the assumption of a two- -dimensional fi flow is very 4 
=a ‘reasonable. Near the side walls the concentration is more uniform over a 3 
vertical section, which indicates that ¢, is stronger near the side walls than itis 
in the center. _ Mr. Van Driest* has explained the more uniform sediment con- ag 
centration near the wall by saying that ¢, in any) vertical line is more uniform 
- near the wall. _ This could not be the reason because, as seen from Fig. 7, the 
average slope of the concentration was by the 


Ae “effect on k, which decreased +0 as low as 0.20 for a load of sand equal to 25 kg, 
3 yah " in other words, when the sa sand content of the system was 43 g per liter. ae 
decrease of k indicates damping of the turbulence. 
aa 2. The change in k does not follow the change in the concentration from 
point to point over one cross | section, but it varies from section to section, 
maintaining a constant value over each one. This value decreases with the 
ae increase of the total quantity of suspended sand in the section, =~ 
a The value of the momentum transfer coefficient is: affected by the 
“J “presence of the sand only through the changes i ink. _ ‘The form of its 3 distribution © 
curve will remain the same for sediment-laden water as for clear water. This 
ss @oefficient cannot be measured directly at the center of the channel but, bet 
it is similar to | Fensonably assume that it follows Fig. 12. 
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13M 


The of friction for a stream carrying suspended 


q presence of aad. a the i is for smooth walls and probably for walls roughened 
iby particles smaller than, or equal to, the suspended particles 
The sediment transfer coefficient follows Fig. 12. Itis 
: equal to 1.5 €m for the 0.10-mm sand and 1.3 é€m for the 0.16-mm.sand. ns 7 
6. Two devices—the basic equation for sediment distribution Eq. 1 and the me a 4 
wave of €, in a vertical profile in the channel (see Fig. 12)—can 
a “define, accurately, the concentration distribution as represented in Fig. 14. a 
- The only difficulty in this procedure is that k and 6 cannot be predicted fi from the a. 


_ theory and they must be assumed or determined experimentally. _ é 
4 


The research forming the basis for this paper was presented : as a ideas ie 
California Institute of Technology at Pasadena, in 1948, in partial fulfilment of 
the requirements for the degree of Doctor of Philosophy. The writer wishes to ce 
his sincere gratitude to Mr. -Vanoni for his patient guidance and 


a The | following letter symbols, introduced in this. paper, are assembled for the 


C= concentration of suspended material, expressed as mass _—e ‘unit a 


volume; denotes a value of C at an reference level; 


=an roughness-height parameter; 
= acceleration of gravity; 
= von Karman universal constant of turbulent exchange: 
= the constant & in the bottom region of a 


_ = the constant in the top region of a section; 


= = the characteristi c va alue of the ae 


ge 
4 
c 
a 
ae 
Fe 
| 
= 
a 
+ 
we 
— 
diameter of sand particles: 
4 
— 
— 


U= = velocity of flow; mean velocity over the cross section: 
- value of U atthe bottom wall; 


Diss = = value of Us at the top wall or boundary; 
mn st Us: = value of U at the wall of a flume or a channel; gills % ne 
average velocity along the center-line profile; 
’ = total load of sand in the flume or channel in grams; taal stark 4 = 


= = settling a a particle i in still fluid; 


jm = y measured from the to the of maximum 
elocity, also, the coordinate of the point of zero shear; 
= the manages y from the top boundary to the bottom bound- — ; 


4 


= = sediment t transfer coefficient; 


= value of €, at the center of the profile; 


= kinematic viscosity in centistokes; 

= density of fluid; mass per unit volume; 


= value of 7 at the bottom boundary; .. ee 

: value of 7 at the top boundary. ax 
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e mental i issue unintentionally raised by this paper is the proper interpretation of i 

no fault can be found with his conclusions. However, a different interpretation 
mf can lead to conclusions that are just the reverse. _ Although the outcome of this 
discussion i is an almost complete, but perfectly straightforward, disagreement 
with the author’s views, the essence of the argument is far more subtle in that 

q hinges upon certain basic concepts of the philosophy of measurement. Ki a _ 

Experimental research may be reduced schematically to three successive 

2 a “steps: (a) The direct measurement of a few easily perceived quantities; (b) the a 


evaluation from these measurements, by means of definitions and physical 


laws, of other quantities not susceptible to direct observation; and, nea 
(ec) the deduction of further laws from the correlated measurements and evalua- 
“4 tions. _ It should be evident that the s significance of the quantities n measured or 
~ evaluated and of the numerical values assigned must be clearly understood if ; 
= laws that are deduced are to be statements of true physical relationships. — hrs 


A ‘such as length and time, are usually susceptible to dir 


given a numerical or what the meaning of the value is. 
Most so-called “measurements” are not this simple since many quantities 
- are not susceptible to direct observation and hence cannot be measured directly — : 
by comparison with a known standard. The evaluation of such a quantity i 
* indirect. If a basic definition is used in the evaluation, no = 4 
_ standing is likely toa arise; ; however, if a a physical law is used, the validity of the _ ie 
law is a pertinent question. Thus, if the velocity of an object is evaluated by ja 
_ timing it over a measured distance and using the definition V = L/T, no more | 
questions arise than with direct measurement, even though the procedure ie. 
inherently different. On the other hand, if a pitot-tube assembly is used ~<a 
obtain the velocity at a point in the flow, a very basic question : arises. Is the | vg 
quantity V = gh the same as the quantity V The answer, 
of course, is in 1 the affirmative provided that the Bernoulli equation is a true — “a 
law, properly applied. Since this equation is well established, and since 


limitations are well known, the actual questions. are more likely to be on the Mer 


- technique level—that is, whether the coefficient C is applicable to the — #2 


ae brief consideration of the concepts implicitly involved i in $0 ordinary a a 


i 20 Research Ener., Towa Inst. a Hydr. Research, Univ. of Soom 


Research Associate, Towa Inst. of Hydr. } Uni 
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standards. The numerical values assigned by the measurement are a 
ve a = of convention. Questions may arise as to the precision of the measurement, | a _— 
~ 
= 
4 
= 4 . of Iowa, Iowa City, Iowa. 


“AND ox ANISM 4" 


arise in ev aluations that depend on oe established laws as 
i those relating to sediment transportation. The numerical values of the coeffi- — ‘ 

cients A, x, and 8 on which the author bases his conclusions are such derived © by 3 ; 
measurements based upon the application of | certain approximate laws and 

a procedures. In fact, the author’s unquestioning acceptance and use of the 
as K4rmén-Prandtl velocity equation and its counterpart for sediment distribu- 

tion: has led to conclusions that, although they seem to have fundamental _ 

* Ta significance, are in no way justified by a more careful analysis. The writers, g 

+ 3 therefore, submit herewith a detailed criticism of the author’s principal points, 

together with an independent analysis in which each indirect evaluation oo 


- can be used for the computation of its numerical values. _ Furthermore, any 
other coefficient of resistance, such as the Manning n, depends on “exactly 
_ same values of flow (Q), area (A), hydraulic radius (2), friction head (hy), and 4 
length (L) and, therefore, should exhibit a similar pattern of variation. The + 
_ significance of the quantity A is that it is a coefficient that is required to make 
; _ the Darcy-Weisbach formula an equality. The accuracy of its evaluation, — 


however, depends on the accuracy of the measurements of the more basic 


just listed. ith to the measurement of these quantities, — 
4 

: difficult to measure precisely; gear one in connection with A and R, as ne 
effective values may be influenced appreciably by the depth of sand in the ‘ q 


flume. However, since it is reasonable to suppose that the dunes would act 
8s roughness elements, the results are in qualitative agreement with ‘past 4 


experience. Therefore, the author’s conclusion i in the section on “Discussion - 

; of Results” that the dunes and not the suspended sediment affect the resistance a a. 

to flow v would 8 seem to be substantiated, despite the ‘scatter. of the experimental 3s 

contrast, perhaps the most striking example of an unwarranted conclusion 

_ is the one—based on Fig. 9, in which x is plotted against the total sand “load” . 
-—that x decreases with i increasing concentration and that the decrease indicates 

damping of the turbulence by the suspended sediment. The total sand 

which could be more -expressibly termed the total sand ‘ “charge,” 

a bears little relation to the concentration except as an upper limit. 


t _ In the examination of this conclusion, x « has been plotted in Fig. 16 against the 7 
7 concentration a at h = (yn/y) — 1 = 20, as representative of the concentration | : 
ee in the section. . Although the x values are generally lower for higher concentra- * Bs 
: tions, | the scatter is too great to allow any convincing conclusion to be drawn es 
to cause and effect. Therefore, it is not only proper, but advisable, 

inguire into the significance of the x values. 
computation procedure for the determination of the x values is the 


of the Karmén- Prandtl velocity e equation, according to whieh is the 


J 


umerical 


— 
— 
— | 

q 

eV] ih ae If x is also to be considered as a measure of the turbulence, the n - Pi 
values are the result of the semilogarithmic equation and the numerica 


kap a (ko), in whieh t or v7 


the same as the kappa the author has computed. “They are related 

=+7 1 — y/ymk.) Since the variation i in x could not be explained ‘satisfac- pa 

eS e torily in this manner, the computation of the « values was checked by replotting — es 
the velocity ‘profiles and by. distributing the e shear according to the method 


of ‘A. A Einstein, M. ASCE, but without sensibly different 


inability « of to express fully t the turbulence | properties of the flow. ty ‘Therefore, 


ae needed for the evaluation of the effect of the rg al sediment on this 


2 it was concluded that another procedure involving fewer derived values was 


SIZE OF PARTICLES | | 
TOP BOTTOM 


-l= =20 


O06 G1 O02 05.3 2.5 0) DBD 
‘Values of C a =20 


ie If the turbulence pattern is modified by the presence of sediment, such : an. “a 


that the may be w written in n the 


u 


m wi ill the shape of form has the advantage that m 
8 eva aluated from the u: y values alone and not from any a for the |. ad 


q the ‘reasonableness of the assumption. For the more pertinent 1 runs, m values ie 
‘ta are given in Table 2 together with the total charge, the mean concentration, — _ 
the estimated in inert charge, and the author’ SK values. _. definite e system can be o - 
observed i in the variation of m. For any total charge, the m value is smallest - 
- for the lowest concentration and greatest for the highest concentration. Since bey 
the concentration and the inert charge are inversely related, for any total 
charge the m value is smallest for the largest inert charge and i increases as the * 
; inert charge decreases. In fact, if the velocity is sufficient to § sweep most. of 
the s sediment into suspension, m approaches the value for clear water. ‘From 
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EAURSEN AND LIN ON TRANSFER MECHANISM 4370 
= 
most, plausibly a lack of precision in the original direct measurements or an 
il 
— 
= 
0.15 
— 
— 
i 


this it can inferred that the ‘suspended material has little, if efiect on 
velocity distribution. Since the head loss i is also unaffected by the concen- 
* r tration, ‘neither the turbulence production nor the turbulence distribution bo 
be influenced by the presence of the suspended sediment. Instead, the major __ 
‘he effect seems to be caused by the material on the bed, either because of roughness _ Ss 


a 
or because of transport as bed load. - Unfortunately, the inert charge is not a 


a sufficient criterion to permit quantitative description of this effect. _ Howe ever, £ 
4 the author’ s observations (Table 1, Col..23) tend to > substantiate the writers’ 
conclusion that bed conditions alone govern the variation of 
ie It is interesting , to note that J. Nikuradse® found a similar variation PP he 


with roughness i in his classic experiments, the results of which are summarized 
. in . Fig. 18. _ For h his roughest condition (ro/k = 15) m was equal to 4. 2. A a 
a comparable equivalent roughness height for the author’s flume would be 0.1 
F- in., , which could easily b be produced by the inert cha charge in in the shape of of dunes. 4 
In ‘fact, the author cites dunes es 0. 05 in. » ip in run 120, and a sand wave 0.6 


high i in run 128, - 


oan 
= 23,000 gr. of 0.10 = Particles =12,700 gr. of 0.16 mm Particles 


— 


‘3 All the questions raised in regard to velocity distribution may be repeated a 
int regard to sediment distribution for two reasons: (1) Basically, since both — 


. ‘depend on turbulence; and (2) particularly, since the author’s detisesuaiiin 


equation. Specifically, B as s determined by the author eqt . divided ; 

slope, 2, of the line representing log C versus log h, and =—*—— equals a 


constant 0.22. The Pe Prandtl equation is implicitly used twice in the 


computation of 8—once in the evaluation of x and then again in the expression 


in Rohren, by J. Nikuradse, Varin | Forachungsheft 


q 
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= w/B k is that sediment distribution cannot 


be considered independently of velocity distribution. Moreover, this examina- has 


charge, WwW Concentrat ion charge constant, « 


1,800 


3.660 
477° 


12.28 


=. 


9992 
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| | | 
tion reveals that Fig. 14 is obtained from the averaged re reverse order of the fore- 
going computational procedure. Therefore, it is not indicative of the validity 
oft the assumptions or conclusions, but merely of the correctness of the he com- — 


putations—the derived B values forcing the theoretical curve 


TABLE 2.—Va oF m For Sevectep Runs 
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in which Wae iS the the actual fall velocity for a homogen- 

% eous suspension of uniform particles is given” in ‘Fig. 19 asa function of 
concentration and of the ‘Reynolds number. correction factor can be 

——. sizable (for a 0.1-mm sand at a concentration of 30, g per liter ‘the decrease 
in fall velocity is about 20%) and should not be neglected. — Although an 
analytic expression can be written for the correction factor, its inclusion makes 
the integration of Eq. 16 too formidable | (the expression for Wac/w contains 
. fifteen terms). _ Nevertheless, an approximate evaluation indicates that use of 
_ the actual fall velocity would decrease the author’ sp values, but not sufficiently — 
to change his conclusion qualitatively— —that i is, B would still be greater than 


whereas ‘the following considerations that it be oquel to or less 


© 


Values of Exponent ,m 


( 
6 | 
Hill 


Percentage Concentration by Dry Weight, 
(for Quartz Sand) > 
Wa. 18.—VartaTIon OF m WITH 19.—EFrect oF 


if (aFTER NIKURADSE) on Faun VeLocity 
the questions that arose in regard to «and Uy i in da distribu- 
tion analysis still remain, the writers have chosen to integrate the differential — a : 
equation for ‘sediment distribution on the basis of an exponential velocity 
distribution. Thus, the momentum-exchange coefficient becomes 
ss “Effect of Spacing and Size Distribution on the Fall Velocity of Sediment,” by Pin-Nam Lin, 


thesis presented to the University of Iowa, at Iowa er Iowa, in 1951, in —“ fulfilment of the require- 
ments for the degree of of Philosophy. 


— 
Peo —S. _ Another factor neglected by the author that should be considered in any | : 
computational procedure to determine e, or is the variation of the fall velocity, 
w, with the concentration. Thus, Eq.1shouldread ord 
— 
4 
| 
— 
— 
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.. 
a 
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= 


Inserting Eq. 17 into Eq. 16, re rearranging intergrating 


‘tor tn oni Wae (1 + 1/m)* — 


= 


presented in Fig. 20. chance an equivalent function has been 7 
ulated by B. A. Bakhmeteff as a varied-flow function. His values have 


= 


Values of » 


e 


Values of 


®O 


‘a 


N 


ae 


Values of Exponent,m Values of 
20. oF I-FUNCTION mon Fra, 2 21. —ComPantson Between Ea. 18 anD 


from Eq. 12 were used in the theoretical curves of Fig. 21. The curves of ‘a 

“Rig. 21 are based on the information given in Table 3 used in in Eq. 18 with a 

Although it in all runs the 8 values are very close to unity, t the theoretical 
frontment has been ‘approximate, and ‘another cons consideration. ‘indicates that 
the true B value, as. as defined by the ratio of the mixing coefficients of se sediment i 


and momentum, would be less than unity. - ‘There is, of course, a sorting pea. 
: NY, 18 eet of nt Channels,” by B. A. Bakhmeteff, McGraw-Hill Book Co., Inc., New York, sat 
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in the vertical such that the mean size of the particles decreases 


with increasing y values. For this reason, and possibly others, the mean 
a — the material in ‘suspension is smaller than th the mean size of the material on | 
yg the bed. - Since finer material would have a smaller fall velocity, the derived 
TABLE 3.—Data Fon Curves or F Fie. 21 


values would be less than unity if the data included this factor. The sorting 


effect. would also explain the deviation « of the theoretical curve the ex- 
£58 An independent analysis of B has been made, both theoretically and exper- a 
imentally, by M. Carstens, J. ASCE, for a quartz sphere in 


ese harmonic ‘motion. . Asa a first approximation, saad 22 can be used to ev valuate 


Fie. 1G. 22. —VARIATION OF WITH — AND DIAMETER (arrer CaRsTEN 
1 


function of the amplitude of the motion having 
negligible role. Although a weighted mean of the turbulence frequencies would 
oh have to be employed, it is evident that, according to the analysis by Mr. — “ q 
+ Carstens, B should be less than unity. The. qualitative ‘conclusion 


= 


= 


Iowa City, Iowa, in 1950, in partial fulfilment of eeptyereneats for, the degree ¢ ofr Doctor,¢ of |_Philosophy.. 


* “Accelerated Motion of a Sphere,’ by M. R. Carstens, thesis presented to the University of Iowa, 
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a 


is ‘smaller than Em is thus checked independently In to obtain 


| 


on 


‘p be necessary. — In the one method the turbulence frequencies, and i in the other ie 
size frequency of the suspended sediment, must be known, ch 
The exponential velocity distribution has been used herein as a matter of Minas 
~eonvenience and not as an argument against the logarithmic form. By this ae “ik 
the possible errors in the head-loss measurements, which are reflected 
- the shear values, have been minimized. . The point in question is not which ee: 
a a should be used, for both are assuredly empirical and approximate. Admittedly, ars 
18 is also merely an approximation even without considering the variation 
“of with y and of w with c. However, even if a completely satisfactory analy sis an 
by can not be made, the rigorous examination of each procedural step has indicated ei. 
t the experimental data do not substantiate the author’ conclusions except 
im regard to A. In fact, the writers’ analysis leads to just the opposite con- ae 


1, That the nature of the quantity « is not sufficiently well defined to 


allow reliable conclusions to be drawn from the variation of its values; oF" 


| 


. That Bi is to or less 


‘M. R. Carstens,” J. M. —The general ‘diffusion is 
acterized by: the differential 27 


= =- Da dn/ dy... 
in Np is ‘the net rate of the fluid characteristic, Dr is th 
diffusion coefficient, and n is the characteristic concentration. Since the net 


- rate of transfer is | ‘in. the direction of decreasing concentration, the sign is 
negative. This process the ‘suspended sediment diffusion 


upward j is equal to the rate of settling, that is, ad’ 


"momentum is is i 


characteristic « of the fluid, ‘the diffusion coefficient of is in 


a dif diffusion 1 coefficient of the f fluid. . Since the suspended sand is of ae 
me. density than the water, the sand particles will be out of phase ¥ with the move- 
ment of the fluid particles and will be transported a lesser distance than the — 


Associate Prof., School of Civ. Eng., Georgia Inst. of Technology, Atlanta,Ga. 
Hydraulics,” ed. by Hunter Rouse, John Wiley & Inc., New York, N. Ist 
1950, p. 
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The magnitude of the diffusion coefficient is representative of the int 
of the trancfor mechanism in the y direction. The diffusion equation of fluid 
dentical in form. The diffusion coefficient is representative 
4 
— 
= 


fluid particles. Consequently, the is 
_ never smaller in magnitude than the sediment diffusion coefficient ¢, if the 
sediment is greater in density than the fluid. 
§$Studies by the writer and by M. Wagenschein” were performed with a 5 
_ spherical particle in order. to determine the ratio of the particle amplitude to | 
the fluid amplitude. There is is available for the e amplitude ratio an an ‘analytical 
- solution in which the ratio is Jess than 1.00 if the foreign particle is more dense a 
_ than the fluid particle. — Conversely, if the fluid particle i is more dense, then the 
oa ‘amplitude ratio is between the limits of 1.00 and 3.00. In other words, : 
Eq. 2, 0 < B < 1.00 if p./p > 1.00 and 1.00 < 6 <9.00 if p./p < 1.00. The 


upper limit corresponds to the ¢ case of air bubbles in water, for which p./p is 


‘The Boussinesq, relationship | “for the apparent shear stress in turbulent 


in which the bars denote temporal mean values. am rational derivation for — 
| “apparent shear stress can be by ‘means of a ‘momentum 


res 


channel verify the validity of Eq. 22. the terms 
of Eqs. 21 and 22, it is apparent that the fluctuating component v’ is 3 the” 
lateral transport ve velocity and, hence, i is proportional to the diffusion ¢ coefficient — 
tes ~ then follows that du/dy in Eq. 21 is proportional tou’. Since the diffu- 
sion n coefficient or eddy Viscosity € contains t this proportionality f factor, the 


| 
In fact, Eq. 21 is useful mainly as an analogy to the viscous shear of —— a 7 
flow and is a descriptive aid in explaining the apparent shear of turbulent — ' fe 
flow. C. B. Millikan® has shown that the logarithmic velocity distribution in 


channels and pipes can be derived without t the use of Eq. 21 and with the aid» a, 


_ The general diffusion equation | (Eq. 19) will result in a zero net rate of 
transfer when either the diffusion « coefficient Dp is zero or the gradient of the fi: 
quantity being transported, dn/dy, is zero. ro. As the the center line of ofa two-dimen- 
sional channel the r net rate of transfer of momentum is zero because the gradient — = : 
il of momentum is z is zero. The diffusion n coefficient of momentum é€» is not zero = 
at the center line of the tal As a consequence, fluid, sediment, 


*“Experimentalle Untersuchung tiber das Mitschwingen einer Kugel in einer Schwingenden Flis- 
= sigkeit-oder Gasmasse,” by Martin Wagenschein, Annalen der Physik, Series 4, Vol. 65, 1921, pp. 461-480. a 
: *® “Investigation of Turbulent Fow in a Two-Dimensional Channel, = by John Laufer, Technical Note 
Turbulent Flows in Channels and Circular Tubes,” by C. B. Millikan, Fifth International Congress” 
- of Applied Mechanics, John Wiley « Sons, Inc., New York, N. Y., 1939. aia 
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. heat, and the like are transported across the center line when hele 

Hassan M. A. ASCE.—The final results of any 

"definitely depend on the interpretation experimental evidence. The se 
tion of the functions and the form in which they appear in the different relations - a - 
are among the most important parts of the research. A comparison between 
Figs. 9 and 16 will illustrate the effect of grouping the experimental data in a = 


manner that will make them representative. In Fig. 16 the concentration at — 


3% certain value h (- —— 1) = = 20 was taken as a base for ' studying the 4 os 
variation of the values of K. The scatter was too great. When the experi- 
mental points were grouped ond plotted as in Fig. 9, a . definite relationship. — 
was shown. Fig. 7 shows that, for the same total quantity of sand, the curve | 
. of concentration for different velocities cross each other at different values of y. 4 
: This is why the concentration at a certain depth could not be taken as a basis wv 
= 4 for comparison. Other factors discouraged the use of a big value of h, saa 
a ash = 20 (that i is, y = 0.006 ft). bs The concentration curve at the bottom was oy 
__-very steep, and any small error in evaluating y would cause an appreciable 
1 error in the value of Ce _ Also, using a value of h anyw here in the bottom i 
I a - half would not permit using results of the upper half. For these reasons the es ‘Sa ‘ 
= curves in the paper did not involve a reference plane, except rt Fig. 14 for which | ye 
the reference plane was taken at the center of the profile. a Swart Pate ee 
_ Mr. Bakhmeteff* explained the relation between x and xo referred to by _ 
Messrs. Laursen and Lin. He used the same symbol x for both concepts, and ~ , 
showed that, when applied | to the final forms of velocity. ‘distribution, a 
Nikuradse experiments gave x = 0.4 as compared with the so-called ko = 0.38. Pdi: 
Eq. 15 may be a very good approximation expression for r the velocity — 
distribution; but since the velocity distribution is mainly dependent on = 
_ shear stress, m must be a function of the shear stress. The advantage of ok 
Fyn von Kérmaén formula is that the shear stress appears in the formula, leaving — 
as a universal constant that depends only « on the mechanism of the 


lence. The advantage of being able to evaluate m from the renee’ apg 
ae values alone is the same as that of introducing a new factor—say, n= 


: 


in the velocity defect law, = = — log g of fact, n 


: be a combined function, and there is no doubt that the use ) of — is very 


i 7" estima has little or no effect on the flow was based on values of that pos 
bined function m. They state that, as the velocity increases, m approaches 
the value for clear water. _ The results given in Table 2 for runs 103 to 122 

do not agree with this conclusion. re 


Mechanics of Turbulent Flow,” "by B. B. A. 
941, PP. 67-60. 
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-Carstens* as well as Messrs. Laursen and Lin®™ their conclusion, 


ba 


Mr. 
> that 8 ‘must be | less than 1 unity, on research at the University of Iowa at = fe 
City. ‘The results reported by T. K. Sherwood and B. B. Woertz* and ‘3 a 
by W. Corcoran, as well las the Studies reported i in the paper, prove that 
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DESIGN OF BEAMS AND FRAMES 


BY MEssrs. Le Grinter; I. K. Sttverman; Jack R 
BrenyaMInN; E. P. Popov; A. HRENNIKOFF; S. Symonps; H. Tacwav. 
Vincenzo Franciost; anp H. J. GREENBERG AND w. ‘PRAGER 


The paper is concerned with the limit design of statically indeterminate — 
_ beams or frames under the action of given loads. The limit moments i 
which individual sections act as yield hinges are supposed to be known ‘heenghe % 
out the structure and the safety factor against collapse is sought. This safety — Sid 
factor is defined as the multiple to which the actual loads must be ‘increased <i 
‘before yield hinges yeianing ina number sufficient to render the structure 
unstable . Two extremum principles are established for the safety factor. Ki + 
_ With these principles two estimates of the safety factor can 1 be obtained, o one of oan 


which is known to be too small whereas the other is known to be too large. The " 


~ 


; Limit design’ is based on the assumption that the relation between the bending — 
moment M and the curvature c of an elastic-plastic beam is of the type shown | 
in Fig. 1. The absolute value of the curvature can increase indefinitely under 
constant bending moments M The shape of the transition curve 


is immaterial for the application of limit design. 


a fact that the absolute value of ‘the limit moment (Me in Fig. 1) i is s the 


locations along the member. At cross sections “yield hinges are formed : 


1 
ig _ Nors.—Published in February, 1951, as Proceedings-Separate No. 59. Positions and titles 
a those in effect when the paper or discussion was received for publication. <2 eo 
Asst. Prof. of Math., Carnegie Inst. of Tech., Pittsburgh, Pa, 
of Limit Design,” by J. Broek, Wiley & Sons, Inc., New York, N. 1948. 4 
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which reduce the degree of indeterminacy of the structure. A sufficient number 
of yield hinges transforms the structure (or part of it) into a mechanism. a i 
test whether this stage has been reached, it is sufficient to replace all yield “a 4 


hinges by perfect hinges and to consider the structural members which are a 


joined by these hinges ; as completely 
Bc rigid. If the structure modified in this 


x manner is capable of deformation, how- By A 
ever small, despite the assumed “rigidity 
of its members, the actual appearance 
of the’yield hinges under consideration 


ould transform the structure into a 
and lead to the of - 


sections marked A, B, , Gin Fig. 3. 

: peciesk hinges and the members between these hinges ar are. considered rigid, the 

7 2 is capable of the type of deformation indicated by dotted lines i in Fig.  .S f 


hinges develop at the s seven cross 


zo collapse is sought. T his sadety factor is defined as the multiple to ia 


which the actual loads ; must be increased before yield hinges develop in i. 


ue 


wie 
tS 


number sufficient to transform the structure into a thus p precipltat- 
first glance, a of this k kind would seem to “require 
nvestigation | of the | elastic-plastic behavior | of the structure ‘under gradually 
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LIMIT DESIGN 


only the safety factor against is required. It is this fact which 
ye! the method of limit design ‘80 attractive. Although in most cases the exact 
gil of the safety factor cannot be computed directly, the following sections 
this paper offer principles from lower and upper limiting values 


i as an estimate of the safety usher. which can err only on the conservative side. 
Consider a statically indeterminate beam or frame under the ‘action of 
given loads. Any bending moment distribution that is computed from these 
loads, and from arbitrarily assigned values of the statically indeterminate 
quantities, will be said to be ‘ “statically compatible” with the given loads. 
_ Any bending moment distribution such that at no cross section does the bending Be sp : 
moment exceed the limit moment for tl the Cross section will be ‘ad- 
_ The given loads (design loads) are not expected to cause cqllapse oe Consider, 
- now, the system | of loads obtained by multiplying each of the given loads by the ar 
“same multiplier. This multiplier will be called “ste atically admissible,” if there 
exists an admissible distribution of bending moments which is statically ot 
compatible with the increased loads§ 
a _ With this terminology the principle for the safety factor can be formulated _ 


Theorem I.—The safety factor against, t collapse ii is the largest statically 


A proof of the principle stated i in theorem li is given i in in the Appendix. 2 As an nm : 


and are known, the bending moments of this beam are by 


which the couples . xX and would. produce in this supported 
Fig. 4(0) shows this superposition for arbitrarily assumed values of 

oF The poly gon ABCD corresponds to the given loads and, therefore, is fixed ae 
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LIMIT DESIGN 

Sor-eny : assumed bending moment distribution which is compatible with — 

_ the given loads (that is, for any assumed position of the line A’D’, Fig. 4(b)), e. 


; ; _ it is easy to determine the largest multiplier m that can be applied to these a: 
bending moments if the distribution is still to remain admissible. Indeed , this 
factor m is found by dividing the limit moment by the largest absolute value z 
of the bending moment. Obviously, m is a statically admissible multiplier 4 


__ the sense defined in connection with theorem I, and hence a lower bound for the 
safety. factor s.  Moreov er, t the safety factor is the largest value that can be 
an obtained for m by changing the position of the line A’D’. To increase m, one Ee 4 
must decrease the largest bending moment. Inspection of Fig. 4(b) reveals 
R _ that, for the given loads, the v value of the bending moment at a certain cross 


= 


Het moment at some other cross section. The optimum result is achieved by draw- —_ 

~ ing the line A’D’'so that the bending moments at the two ends and under the = 

1 cs am load 2 P become equal. A simple computation shows that this smallest possible 
value of the largest bending moment 5 P a/6. ‘6. The sal of 


pene equal in absolute value indicates that the yield hinges i in the collages 
state are located at these cross sections. Of course, in simple problems such as — 
the one just considered, there can scarcely be any doubt concerning the location 

of t In more complicated, indeterminate structures, 


d of section 3 b ll f , 
of section 3 become really useful. 
3. An Upper FOR THE Sarery. Factor’ too 


The to be established in this section furnishes the upper for 
the safety factor. By definition, such an upper bound is larger than the sorb : 

- factor, or at least equal to it. By the joint use of both principles, the safety — ‘ 
- factor can therefore be bounded from above and below. This fact is of great _ 

- practical importance, because the precise determination of the safety factor is un- i 
necessary when the gap | between the lower and upper bounds is sufficiently ‘small a 


Mpeg? a statically indeterminate beam or frame in a a state of collapse. f 


ps wt of yield hinges, and this mechanism begins to move under the rae : 

loads (the given | loads s multiplied by the largest statically admissible multiplier). — 

This collapse can be treated as a quasi-static process: 


Theorem IL. —The work that the collapse loads do on the displacements 
a ek _ of their points of application must equal the work that the limit moments in 
the yield hinges do on the relative rotations of the parts connected by the : a i 
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| 
— 
— 
— a 
— 
— 
ae 
— q 
—— ipli i sed any further. At the same time, the struc 7 
‘ 
& 
4 


‘ 


in) illustrate the use of this principle, aillbdins again the beam in Fig. con me 
_ assuming it to be known that the yield hinges in the state of collapse a are located | a 


the ends and under the larger load. Fig. 4(c) shows the beam just after 
collapse has begun. If 6 denotes the infinitesimal displacement of the load 
2s 8 P, the the displacement of of the ‘load. sP Pi is 6/2. the relative rotations | at the 


‘hinges (angles DAB, CBD, and BDA in Fig. 4(c)) are —— nd — 


_ respectively. y. The w work of | the li limit 1 moments rigs the yield aa is therefore a a 


and 8 Eq. 1 as belo. “Ad 


scribed, then the multiplier n which must ‘be applied to the given 


if the assumed yield hinges are to become active, and if no attention is paid to — * 
the fact that the limit moment might then be exceeded at some cross sections ‘ ae 


be called “kinematically s sufficient” (to produce collapse). 
_- With this terminology, the principle fo for the safety f factor can be st ated 2s 


4 
hi h A di 


most ‘practical method of combining principles of sections 2 and and 


(a) Trying to guess s the actual mode of collapse, assume an arrangement of ae 
‘ “yield hinges that transforms the structure into a mechanism and determine the _ 
corresponding kinematically sufficient multiplier T This is an an upper | bound for ay 
_ (b) For the collapse mode assumed in step (a) determine the bending r mo- 
_ ments M.. These are caused by the limit moments in the yield hinges and the | 


loads multiplied byt the factor n found in step (a). In practical structures, 


= 


oO 


3 - these bending moments are e statically determinate as a rule; the exceptional case ~ 

ay is discussed in section 5. Denote by r the largest value of the ratio |M/M,| : ee 

r = 1 because r r= 1 at the 


ae other than the assumed hinges. Any multiplier n obtained i in this manner will © ce i 


ii: Theorem III.—The safety factor against collapse is the smallest am ‘ 


a 
| 
consider now anv arrangement of vield hinges which transforms the structure 
> — 
» 
— 
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DESIGN 


yield hinges as assumed i in om (a). The bending moments M/r will 
_ sible in the sense defined in section 2, and and n/r is a statically admissible multiplier. © 


-_-yield hinges originally assumed, closer boundaries for the safety factor are 
8 a obtained, as a rule. bt It can be proved that this substitution can always be % 
made in at least one manner so as to narrow the gap between the bounds for — 
the safety factor. However, the mathematical tools needed for this proof would — 
exceed the scope of the present paper. Moreover, the way in which this sub- 
a a stitution must be made in order to have the desired effect is not known a priori 
but must be found by trial and error. The fact that the substitution will have 
this effect if made properly, thus, is only of academic interest. 
“oy As an example illustrating the foregoing - procedure, re, consider the two-story . 
frame shown in Fig. 2. For brevity, assume that the limit moment has the a 
_ same value M, at all cross sections. An arrangement of yield hinges which — 
transforms this frame into a and the type of displacement, made 
possible by these hinges are shown in Fig. 3. If the infinitesimal relative rota- 
tion at yield hinge A is denoted by 8, the relative rotations at yield hinges B, C, 7 a 
E, F, and G have the absolute values 6, whereas the rotation at yield hinge 
D has the absolute value 26. The signs of these relative rotations are un- ; 
3 important for the application of the principle of virtual work, because the signs a 
of the limit moments in the yield hinges are always auch thet the week a G 
each limit moment on the relative rotation at the corresponding yield hinge is __ 
positive. Since the sum of the absolute values of the relative rotations at all 
yield hinges is 86, the work done by the limit moments M, at these yield 
Inspection of Fig. 3 shows that horizontal beams purely 
horizontal the the beam 2 A @and that 


To: Mi is as the unit for the couples and 


M./h as the unit for the forces. This designation implies that the length h 


pow be treated as the v unit of lengt . The limit moments and the exterior 


— 


— 

— 
particular, if r = 1, the assumed mode is the actual mode of collapse and 
On the other hand, if r > 1 at some cross section, this usually is an 4 
indication that a yield hinge should have-been assumed at this particular cross 
_coction _Tf the nroredure is reneated with this vield hinge renlacing one of the | 
— 
| per pound tor the ety [acto 
—— Fig. 5 shows the parts of the frame under the action of the +1 a 
— 

— 


ae ae are indicated by full lines; ‘and ‘the forces which eee of the frame __ 
. exert on each other, by dotted lines. The sense of the limit moments follows 
axe from the sense of th the relative rotations shown i in Fig. 3. The forces which the 
as parts of the frame exert on each other are obtained by applying the conditions — 


Consider first the length DE. For moment equilibrium, the 

reaction at the lower end must have the intensity 4. Since this reaction and le 
ae the exterior load 4 at hinge D satisfy the condition for horizontal equilibrium, no e: a 

horizontal force is transmitted across hinge D. Horizontal equilibrium of cola 


cD then that no horizontal force be transmitted across 


— 


forces transmitted across hinges Cand D ‘the intensity 2. Continuing i: in 
aa this manner, one finds the forces indicated by dotted lines in Fig. ih The bend- ee 
a. ing moments for the members of the frame are shown in Fig. 6; the bending Se 
am moments for a member are plotted perpendicularly to the axis of the member iy 
and toward that side o of the ‘member in which they produce tension. The ee 
4 numbers indicate the absolute values of the bending mare (in multiples of ee 
of Fig. 6 ‘shows’ that the absolute largest ‘moment, 
‘ a occurring just below hinge B, has the e intensity 2 M.. The ratio r, therefore, 
tp has the value 2. _ With the ‘value of n obtained, Eq. 4 gives Pager Sey 
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are far apart: for practical 
‘ saline _ The procedure must be repeated, therefore, with a hinge at the Re 
a location of the greatest bending moment (that is, in the left-hand column, just 
2 below the first floor) replacing one of the previously assumed hinges. The ) 
— decision as to which hinge is to be so replaced is somewhat facilitated by the _ 


onion that the structure must still be transformed into a mechanism m by the Ey 


es and t 
possible by these hinges. With¢ as defined i in a Fig. 7, the relative 
Fa at hinges A, E, F, and G has the absolute value 0; and the relative rotation at a 
hinges B, C, and D has the absolute value @/2. The horizontal displacement of — d 
hinge E now equals 3 6 h/2. Thus, the of virtue 
‘The value of n defined by Eq. 8 constitutes an upper bound for the safety factor. 
To obtain a lower ver bound, one must determine the bending ‘moments corre- 4 
- sponding to the assumed mode of collapse. Fig. 8 shows these bending mo- ae 
3 nents . Since the absolute value of the bending moment nowhere exceeds the 
limit moment, r = 1, and the u upper bound i is also a lower bound. Saasrhte 


‘ 


a 

| 
— 

il 


In the ac’ actual yield hinges that the + 


- entire structure is transformed into a mechanism. In other cases, however, pe a - 
a the actual yield hinges may transform only part of the structure sats mecha-_ 


nism without permitting any displacements of the remainder of the structure. 
types of collapse will be called 


D 
2 


ae 
a single transverse load, must be al. Fig. 9 illustrates this 


fact. For each of the segments AB, BC, --- ; , FG of the beam the bending 
_ moment varies linearly with the distance measured along the beam - Accord- — ut 
q ‘ingly, the largest absolute value of the bending moment for any one of these — hae : al a 
_* segments can occur only at the ends of this segment. Yield hinges can thus — oa 
velop only at points B, However, yield hinges at at points I B and 
would not contribute to the mobility. of the system because of the e supports 
there and the absence of hinges inside the adjacent spans. The only way to ee 
transform beam into : a mechanism, therefore, is to insert hinges at points 
C, D, and E arrangement of hinges, however, means local collapse. 


Ke. 12 

For m multistory frames, on the other hand, this type of local 
lapse constitutes the demonstrate this fact, consider the frame of 
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= horizontal load P applied at the center of one of the columns. The dotted lines” 
Ba in Fig. 10 Pi eee simple type of local collapse which i is typical for a 


columns of the lowest the limit 5 M.. Consider, r, now, 


the horizontal ood i is applied te the kth story from the: top. ‘Fig. shows a a 


bounds for the safety factor and since nz < the simple type of local 
shown in Fig. 10 cannot occur in the frame considered here. 

that the type of local collapse indicated in Fig. 11 can actually 

occur, ‘consider the case in which the horizontal load is applied to the lowest ° 


story. The kinematically sufficient my (and therefore the 


the ‘safety factor) ‘then has ‘the value 30 Fig. 12 shows the 


- couples and forces acting on the parts of the frame for the assumed mode of 4 
“wil collapse. — (Asi in Fig. 5, M, is used as unit for the couples and M,/h as unit for 4 
a the forces, and b is assumed to equal 2h.) To find a lower bound for the safety 
factor, one must determine bending moments in the structure corresponding to 
@ these couples. and forces. ; ‘At first glance, this might a appear to be a difficult task © 7 
an because of the indeterminacy of the upper part of the frame. However, all that 
; is needed is a distribution of bending moments which is “statically compatible’ 
these forces and ex couples (as explained in section 2). 
is obtained, ‘letting the forces and couples, which are applied to 
the upper part of the frame, be 
carried by beam AB and column 
BC (Fig. 12) alone. Asa result, 
beams and “columns of t the 
higher stories aré free from. 
‘bending moments. The bend- 
ing moments in the lowest story, 
hich are” obtained this 
shown in Fig. 13. 
“Nowhere do they exceed 
Timit moment 5 of the 
this story. ‘Thus, 


assumed mode of is the correct one and factor ‘equals q 


te sine presented in this | paper were obtained during the course of 
research conducted under contract N7- onr-35806_ with Office of Naval 
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g characterisation of the factor collapse as. the largest. 
Theorem IV —Collapse cannot occur under the loads obtained by 
i ae the given loads by a factor which is smaller than a statically 


following proof i is an adaptation, ‘to beams and ‘frames, of a 


discussion presented by Mr. Greenberg before the Second Symposium on 

Plasticity at Brown University, Providence, R. I., in April, 1949. reas 

a... m denote a statically admissible multiplier and m’ a positive oni 
is smaller than m. According to the definition of a statically admissible 
multiplier, there exist bending moments which are statically compatible with 
the loads multiplied by m and which, at no cross section, exceed the limit mo- __ > 

~ ment of this cross section in absolute value. — Consequently, there exists a 
- distribution of bending m mome nts M’ which is statically com genite with the a? 


To prove theorem IV, ‘suppose that, in to this 

ere _ collapse were to occur under the loads multiplied by m’. Then there would | 


exist admissible bending moments M(z) statically compatible with the loads 


ae multiplied by m m’ and reaching the limit moment at a sufficient number of cross iP: ‘a 

sections to transform the structure into a mechanism. Let 2, 22, be 
sections at which are acti\ active during this s collaps Then, 


as as the displacements. are enough to be disregarded i in 1 estab- 


ture, , the collapse takes place under constant forces. bending moments, 
Thus, no elastic deformations occur during this initial phase of the collapse and S: 
parts into which the structure is separated by the yield move as 


‘in the \ by the multiplied toads ( (multiplier an 
: om m’) on the displacements of their points of application since the beginning of the _ i 
, collapse. — _ According to the principle of virtual work, this work can also be © 
the bending ‘moments are ‘compatible w with the 
= loads a as the bending moments M ae the equality of Eqs. 13, it follows 
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Now, bending moment M(z;,) must ‘equal ‘the limit moment M, in 
a *: -—abwohute value. Moreover, each term of Eq. 13a is positive because it repre- 


sents the work of the limit moment in a yield hinge on the relative — at - & 


M. (2), then 6(xx) > 0 because the contribution of the 
Moreover, Eq. 11 shows that M’(a,) 
M(a,) in ‘this case. . Thus, the the! hinge to the sum in Eq. 
is positive. ae on the other hand, M(x) = —M o(tx), then 0(zx) < 0 and 
> 7 Therefore, the contribution of hinge z, to the sum in Eq. 14 
=F is again positive. All terms of this” sum being positive, Eq. 14 cannot be 
- fulfilled and the assumption that collapse « occurs under the loads multiplied by 
m’ has led to a completes the F of the maximum 
‘a8 In the proof of the minimum principle of section 3 the following ‘theorem! i is 
ine Theorem a or frame is strengthened (that is, if its cross 
_ sections are changed in such a manner that the limit moment is increased for, 
aia. at least, one cross section and decreased for none), the safety factor for a by 
given s °y stem of loads cannot decrease as a sone of this strengthening. io: 


eo Indeed, an any Ly distribution of bending moments t that i is s admissible for the o original — X 

structure is also the structure. Thus, any multi- 

statically 

a _ Ey. the original structure which is the largest statically admissible multiplier for — 

this structure is also a statically admissible multiplier for the 
structure. Therefore, the safety factor of the strengthened structure that is 
q cam as largest statically admissible multiplier for this s structure ¢ cannot bi be smaller than” ¢ 

x Consider, now, the n manner in which a kinematically sufficient multiplier n _ 
a» 2 obtained: Yield hinges are assumed in sufficient number to transform the 
_ structure ‘into a mechanism, and | the multiplier n is determined which must be 


- ae to the given loads if the structure is to ‘0 collapse by ‘yielding at the a 


| 


« 


a sumed hinges. Of course, the assumed mode of collapse may not be the actual 
of of collapse for the given structure. It ‘is easy, however, to define a 
ae 4 structure for which the assumed mode of collapse i is the actual one. 4 Indeed, 


moments unchanged at. the assumed yield hinges: and increasing them indefi- 
ies everywhere else. ‘ The actual collapse mode of this strengthened structure 
will obviously be the mode used in the determination of the kinematically _ 
wy - sufficient multiplier n. In other words, nis the safety factor of the strengthened | 


structure and, therefore, cannot be smaller than the safety factor of the given 


1, 1948, pp. 63-68 (in Russian). 


_ structure. _ This completes the proof of the minimum principle of section 3. — 
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L. E. M. ASCE. —Usin mathematical lang ua ge ‘this aper 
states two physical principles which engineers m may prefer to consider a. 
need of such rigorous proofs. The principles are readily established without 
mathematical equations. — “Their usefulness, as will be indicated, is limited by 
the need for considerable judgment i in their application. oi iano i hy 
Consider any continous frame that supports. a fixed load P. The frame 
redundant to the (n-1)th degree. When n plastic hinges develop, collapse ae ‘- 
begin a and nd progress if a flat stress-strain curve is assumed. Choose by guess" 
or by experience n locations for the successive e development of n n plastic hinges. | 
This. guess may be good or bad without influence on the conclusions. — . 3 
simple geometry compute the angular discontinuities at the remaining 
- plastic hinges | when a unit angle change develops at 01 one convenient hinge; also eit 
by geometry compute the corresponding movement of the load P in the direc- eae - 
tion of P. Then, for assumed collapse, the virtual work of the load, P(collapse) 
will ‘equal the ‘vated work of M (yield) : at the n n hinges; and M(yield) may be 
a constant or may vary from hinge to hinge, but it must be known. This equa- _ 7 
tion of virtual work may be solved for P(collapse), the theoretical collapse +e 
load, if the n hinges are correctly located. However, hinge locations 
were merely assumed, the following applies: 
ie bocig Principle (a).—If even one hinge is misplaced, deck should have been ae 
- si at another point H, to preclude collapse it must be assumed that the steel iy 
_ near H had been locally hardened to increase M(yield). Therefore, the 
value of P(collapse), as computed for assumed hinge locations, is the collapse ; 7a “se 
3 load for a frame locally hardened or yarn at one or more — ae 


the computed value of P(collapse) i is an ‘ “upper bound.” 


_ The second principle i is simplified even more than the first by adopting the ae 
hysical viewpoint. _ Consider the ‘frame as explained i in (a) to be locally : 
Ag hardened | &% at point H so that it does not collapse but is just at the point of an “Tee be 
collapse. The percentage z may be obtained from the moment diagram ig 
is determined by statics with the aid of known yield moments at the n hinge <a 
points. Now reduce the yield point proportionately everywhere and reduce 
es I they value of P(collapse) computed in item (a) by the same proportion that will 
on the value of z% as indicated below. The frame still is on the point 
of collapse, but it has become a frame that has the original yield point only at 3 
and has a reduced yield point everywhere else. Hence t the he reduced 
j ‘is aa obvious lower bound on the collapse load. _ This principle may be stated 
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(b).— the from item (a), which has been locally hardened 
a at point H and by smaller nena at one or two other eed body 


oo then reduced everywhere i in n yield point by the tho xe it will re return turn 


a to its normal yield point only at point H and will be of reduced yield point — 

_ everywhere else. This frame, which is much weaker than the original — 

frame uniform properties, is on the point of colle pes under a reduced load 


P(collapse) Hence ce this reduced load i ‘is lower bound for the 
a collapse load of the frame with uniform properties. ay et, 
Limitations of —Although | a ‘single lo load P has | been considered, 


the need for very good engineering Unless the operator can 
almost guess the exact locations of the. plastic hinges, the upper and lower ; 
bounds obtained are too Ww ‘idely separated to be very useful. ‘For instance, nore 
is not very helpful to know that a frame will probably collapse at 200,000 lb — 
of loading but will not collapse at 100, 000 Ib of loading. An experienced — ; 
engineer could study a set of plans and guess the collapse Dean ofa frame 4 
more closely than this without making such calculations. 
_ The weakness of the principle seems to lie primarily in item (b). In item 4 
(a) the theoretical collapse load is completed for a frame that is of normal ae 
point everywhere, except at one or two local areas where it must be hardened << 
say, zandy%. In item (b) however, all of the frame is softened except near 
one plastic hinge below the original yield level. ‘ This reduction is determined — 
- from the larger percentage of local hardening, ' that is, z or y%. Hence, the 
lower bound upon the collapse loading is an extremely oonmarvelies value 1 


_ which exaggerates 1 the spread between upper and lower bounds as computed 

3 by examples (a) and (b). Of course, improved guesses can be used to reach . 

_ better and better agreement between upper and lower bounds until they become a 

_ identical and a Solution is obtained. _ This, however, may be a slow process 

; for complex : structures, where such a technique would be most helpful. 7 
_ These comments have served to show that the two principles established — 


the a roximate locations of the lastic hin es. 

K. Sitverman,® A. M. ASCE.—A for solving 

4 determining the load required to cause ootnpee in a structure of known 


Most engineers deal with the latter problem. The method of analysis” 
given by the authors furnishes answers, using an iterative process, to both — 
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- defined by | the authors), examines this safety factor in the light of the desired — Pie 
factor, and, if necessary, modifies his design. It will be found that there are 
great many designs (relative dimensions) that will satisfy any criterion of 

safety factor. Further analyses as to relative economy will fix the final design. __ 


mo _ Except for local failure the number of yield hinges necessary to transform — ie 


structure into a mechanism is one greater than the structure’ degree of 


statical indeterminateness; but there is no theoretical reason why a structure 
cannot be so proportioned that simultaneous failure occurs in all elements of the __ 


an with the occurrence « of more than the minimum number of required _ 
‘hinges. brings to mind the “‘one-hoss shay” principle: 
os _ “Have you heard of the wonderful one-hoss shay ie 
‘That was built in such a logical way — 
_ be tt ran for a hundred years to a deyt 
And then ofasudden*** 
°F went to pieces all at once— 


All at once and nothing first, 


Just as bubbles do whee: burst’ we 


= 


‘ingle parameter 1 P. The center span is designed to furnish three yield A 


ar 


a constant moment at B, C, and f 
tes te 


in which Vz is the shear to the right of acting It 

~ The next step is to determine the value of the limit moment so that a hinge 

— at the point of the maximum bending, which in span AB is at the  . 


™“The s Masterpiece,” by Civer W Wendell Holmes, World's Best Loved Poems, 
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zero shear the maximum moment in 


Ali 


nearest the: D and that te maximum mone hinge o« occurs there. 
The conditions existing in span CD are expressed analytically as follows: a. 


My = 15 Rp = Mae 
80 <0... } 


My = 4.17 


a safety factor, that P equals 36 kips and w 

-kips per ft. The limit moments are then M, = 164 kip ft, M2 = 131. 5 
* kip ft, and Ms = 150 kip ft. — section moduli for steel I-beams — 


cu in.; and 


Jack R. A. M. ASCE.—The method of 
beams and frames presented suffers from several serious shortcomings. The : 
first i is one of lack of emphasis on the basic assumptions. The method-of- — a 
collapse analysis depends primarily on two factors: The stress-strain diagram 
and the absence of direct tension or | compression in the members. if the 
material are satisfactory, the second assumption is more often 
ers of frames are subject to direct tension or com- 
; ‘ pression, but the usual single-story frame has only minor tensile stresses and os 
gmaili-to-moderate compressive stresses. Thus, under certain 
collapse could be predicted for most one-story frames. 
method-of-collapse analysis does not apply to multiple-story 
a primarily because of the compression members. Members under combined 
direct compressive and do not develop plastic hinges similar 
compression the advent of plasticity a ‘considerable portion 
= the member, and the zone of plasticity i is not localized. a The advent of plas- 
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. various values of axial load 1s 
other: than zero. Fig. ‘15 
answer part of the 
problem. However, the 


solution of the s section is ai 


Section Modulus 
Ante 


|ey=Stress at Yield 
Point 7. 


hile the section =e for Rectangular _ 


increases. The compres- \ 
member problem is Link 
‘of the authors can apply 
to members without 


Ultimate Capacit 


cerns the mode of failure, 
_ The failure load of asingle = 
= as computed by the 
method of this paper, may 
much greater than that 

of a structure made up of 


several of these bents. ai 


Values of 


19 


analysis of an actual structure for collapse 1 must search out the | lowest failure — 
mode. ‘Unfortunately, torsional failures must be considered. -Loadings on ; 
actual structures are far from the simple loadings used, and in almost every 
ee further practical problem to be solved before frame ec collapse ca: can be ria 
> eer a design criterion is that of loadings. The loadings used in the a 


do not reflect the designer’s problem. he designer must consider distributed 
Pec; 1. Dead loads whose values are fairly well known and cannot change. mer 


Pe & Live loads whose service impositions on the ‘structure are estimated by 


ne same section used as a : it the elastic limit. 
oad variation betw compression member 
lapse. Fig. 1 veen the capacity at the elastic limi may show almost — 
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PoP ON LIMIT DESIGN 


Transient loads (such as wind that are normally 
accounted f for r by allowable stresses, the 
transient nature of the loads. 


before collapse can be considered Sg design criterion. 
cs It might be mentioned also that any loading that is a function of time might — _ 


give rise to collapse conditions i in structure without 


_ A second loading problem i is that of the factor of safety. ‘Should a load- 
ings be multiplied by the same factor of safety? - This course does not appea ar 


reasonable. This is a partioniarky knotty problem yet the paper assumes 


_ The methods and ideas presented i in this paper are very interesting ma fi 
academic standpoint. However, their limitations and assumptions» = 
: not fully explained. _ These limitations and assumptions should be underlined — 3 
ugh 
dangerous. ; Furthermore, a large number of knotty. practical problems must a 
be solved before limit analysis for collapse car can be of much value. 
Pr This | paper is a fine beginning toward a more rational basis for design ral “a 
E. P. A. M. ASCE.—An outstanding addition to the me methods 
of wt eee analysis was made in this paper. The method developed by the ~ 


authors for establishing the upper and lower bounds for the load factor at 2 


collapse is very ingenious, and the ‘suggested trial- and- error procedure for 
4 narrowing the bounds appears to be quite simple for many - ordinary frames. as 
‘The method developed is general and has already been extended to 

lth ough the problem o of limit design i is admirably solved 1 from the math- — 

- ematical point of view, some of the assumptions and limitations of the » method — ’ 
are not clearly indicated, and adequate references to related work are lacking. 


followi ing remarks are intended to caution 1 the n of 


done at Cambridge Cambridge, England, the direction 


| ASRS Baker, A. -M. ASCE. For example, the virtual work technique for 
At limit design that may appear novel to some e reade d scribed by ‘Mr. 


Associate Prof., Civ. Eng., Univ. of California, Berkeley, 


18"The Limit Design of » Frames,” by Journal of Applied Méshentsh, Vol. 1 
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4 tially horizontal. The paper does not indicate * 
— 
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oy 
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g of frames is complete 
____‘The writer considers that no treatment of limit design 
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ver, the application of the virtual work principle to obtain an 
upper b aie for the safety factor is a creditable accomplishment of the authors. ‘. 
th applying the limit design method to frames, several limitations must be 
clearly keptin mind. First, it is assumed that all compression members p possess a 
a sufficiently low slenderness ratio so that instability does not occur. | 
while it is true that, for example, building» columns would fulfil such a 
1 condition, the instability of compression ‘members’ cannot be ruled out for all _ 
conceivable cases. Second, in the ‘ “Introduction,” it t is stated: “The limit = 
This presumably means that the effect of axial force and shear on the limit eee 
- moment of a member is known. Actually, much experimental research is i. 
tod determine s such ‘quantities for common On the ether, hand, 


various of Fig. 6 and of Fig. 8 are diferent. Thus, , from Fig. 
it is seen that the upper member, according to the first assumption of hinges, 
is under no axial load, while the member AB i is compressed by a force equal — 


Peden nn of the frame solved in Fig. 8, it may be easily shown that the axial 
ia forces vary from a tensile force equal to 3 M,/2 h to a compressive force a 
he _ However, the safety of the structure is invariably based upon a 
common on limit moment M, alone. To be s sure, Baker contends"?! 13 that is 
‘for small axjal stress the reduction i in the limit moment is surprisingly | small, 


roof loads. However, the writer feels that, without further 
. __ verification, the method cannot be safely extended to practical cases in which | 
large axial forces exist in the For example, an interaction curve ex 


Pa.) indicates that, if there i is no axial load, M, = 1,200 in. -kips. However, 


oda if P = 100 kips, M is reduced to approximately 1,000 in. .-kips. ‘Similarly, 

when P = 150 kips, $00 in. 


Although the rise of interest i in field i is new, dating from 


the 1939 publication of the well-known paper'® by J. A. 4 an den Broek, M. 
ASCE (who introduced the term “limit design”), the ae idea has been used 
by engineers, in application to to certain in types of members, for a a long time. _ Thus, aa 


= the standard design of rivets, splices, , and connections of tension and compression = te 


‘mh: “The Design of Steel Frames,” = J. F. Baker, The Structural Engineer, Vol. XXVII, 1949, p. 37, a 


owe ‘Tests of Columns Under ducts Thrust and Moment,” by Ly Lynn 8. Beedle, Joseph A. Ready, 
and Bruce G. Johnston, Proceedings of the Society for Experimental Stress Apetgete, Vol. VIII, 1950, p. 109. 
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. F instructive. It deals with a subject that has been commanding much attention __ ce a 
— 
| — 
ttm 
— 
Theory of ‘Limit Design, ” by J. A. Van den Broek, Transactions, ASCE, ‘Vol. 10% 1940, p. 638. ae 


steel ‘idaiviee's is : nothing but limit design, since ¢ different parts of the members 
_ involved (such as rivets and sections of the main material and splice plates) are _ 
a arbitrarily assigned capacity loads fully consistent with statics, so that no part 


isco) overstressed, while at the same time no cognizance is taken of the deformation ‘ie 
- of different parts. This established method was devised for the design of con- _ cd 
, nections out of sheer necessity, since the problem was found too difficult for the = ie 


elastic theory. The method proved to be safe largely because of the amet, 


Mr. Van den Broek’s theory of limit design g and the authors’ elaboration of 

it projects the same principle (assigning capacity values to the members) into 

the realm of complete : statically indeterminate flexural structures consisting * 
continuous beams and rigid frames. The element of compelling necessity is of 

lacking in this field, since continuous beams and rigid frames devoid of 


_ tation of statics, such as the portal and cantilever methods. Nevertheless, the 
_ method of limit design. offers some economy ‘compared to the other methods and 
se -: this reason is fully justifiable. At the same time, in view of its less conserva- 
; _ tive nature, its adoption: should | be preceded by a searching investigation of 
underlying assumptions. is gratifying, therefore, to see in this p paper formal 
‘ _ ‘Figorous proofs of the statements establishing the upper and lower limits of the 
me a of safety 1 in the structure from the viewpoint of limit design. Prides 


_There are, however, ‘some other important considerations which mer not 


of elastic theory, and frames subject to side sway can be analyzed by some re : 


by 


a 


that takes prior - to the collapse of the structure. It is 
" assumed here that the structure cannot fail by actual physical breaking at some | 
is of the earlier fe formed hinges before the limiting state is reached d and th the apenas Ee 2 
begins to act as a mechanism. The basis for this unstated assumption appar- 
— ently lies in the shape of the assumed (M-$)-curve (Fig. 1), in which the limiting | % 
_ moment M. continues constant indefinitely as the angle change ¢ continues to 
él increase. - However, the absolute value of ¢ that a berm can sustain before 
breaking depends on the length over which the limiting moment is acting. 
oi . 7 this length i is small, the maximum possible angle change i is small too, in spite of re 
a long horizontal part of (M-¢)- -curve in 1 Fig. 1. For example, : a 1-ft length of 
iz an 18-in. I-beam can easily have its flanges deformed as much as 1 in. each, and k- 2 
can thereby undergo (without ill effects) an angle change of approximately 6° — @ 
but the same beam, 1 in. long, will probably break before bending through ot 
1 same angle of 6°, because such bending would mean doubling the length of the 
_ tension flange and compressing the other flange t toa length of zero. An im- 
Ms possibility of such a failure at the plastic hinge must be firmly established before mn 
2 a the theory of limit design can be accepted, and the an conditions that would a“ 6 
ms xia One of the main factors that determine whether the beam should fail in this 


4 


an extreme case in which the (M-#)- ~curve consists of two straight lines lines 
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16), the OA and plastic part AB, ‘and consider an ‘example 
bending of a fixed-end beam under a ra gradually i increasing uniform loading » w 
u ( (Fig. 17). As long as the elastic range is not exceeded, the moment curve is a 7 
with the negative end ordinates two times greater the positive 


fhe been elastic. If, now, w exceeds We; Dn hinges form at the ends, er 
serving the same values of moments there, whereas moments 
gradually in increase beyon 


diagram approaches t the | limit curve FD i1KE; G. 


tal Unit Length 
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eu 

waar 4 bes 
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Ter be remembered that the total angle | change on one half of 
a. the beam AC must be zero both in the elastic and plastic stages, as demanded a 
< by deformation of the fixed-ended beam. At the end of the elastic behavior ry 
_ the positive angle change on the length DC equals numerically the negative a . 

angle change « on the length AD, both these angle changes being proportional to to 

‘ the corresponding areas under the moment curve. . Tow ard the limiting condi- 
_ tion corresponding to the load wy, the still-elastic moment at the center, doubles © 

_ its value compared to the value under the load we, and the length of the positive — 
“moment region D,C becomes greater than DC. These ¢ circumstances combine 


one created by load Wee How ever, the region of negative | moments shrinks to 
length AD,, and the n negative bending moments are everywhere smaller in value eer ass! a ° 
than under the load w,, except at one point A, where the moment remains the Sees : 4 _ 
Same. This means that all i increase ‘in the negative angle change necessary to i a 


balance the increased positive angle change and to for the loss of d 


— 
are 
art 
= 
con- Wels d th 
imi M,—in other words M, 
the ments just reach the limit value M, 
side 
— 
— — 
— 
of — 
. If — 
th of — 
» 
ly 6°, 
h the — 
»f the 
n im- 
n this 
efirst 


- would result in infinite steninss, the beam is likely to fail at the ret 


before the limit condition visualized in limit design is materialized. md = 


~ Assume now a more general case of the (M-)-curve in Fig. 18, and let G09 

from now on an change on a of the beam 


AU 


to value the moment M. An increment of mo-— 


: _ ment dM occurs on the length of the beam di determined by the value of the 


shearing force V in this manner: Thea angle change on this length i is 

In Eq. 27a ¢ dM seit the area of the horizontal il strip FGHI, Fig. 18. By 2 
summation of these strips the total angle change between any two points on the 
curve, such as points A B foree v constant in n the 


MS, 


—" The area in the numerator ae Eq. 270 i is bounded by the : axis: of M, the 
(M-¢)-curve, and the two abscissas, corresponding to the points o on the curve ia 
between which the angle change is evaluated. It is interesting to note that, f 
with the (M-¢)-curve extending horizontally without limit, no contribution to a 


- the angle change i is provided by the horizontal or plastic part of the curve be- ss 3 


al 
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— guide aif 
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area AKLB. b. Thus, contrary to o intuition, the the plastic part of the (M-4)- curve “a Te 
proves incapable of contributing to the necessary y angle change at the plastic 


situation is different if the exhibits ‘a strain hardening 

bi _ part, indicated in Fig. 18 by a dotted line NP. When a stress condition in the cea she 
~ beam extends into the strain hardening region, the area in the numerator of Bo, 
i Eq. 276 begins to increase again, thus providing the necessary angle change at pin 
:- 7 the hinge. The presence of a plastic region prior to strain hardening increases" 
the referred- -to area of the (M-#)-curve, and thus decreases the necessary rise of : 
- - moment along the strain hardening part, thus assisting in the formation of the a 

eer As follows from Eq . 27, the angle change occurring in a certain range 0 

moments is inversely proportional to the shearing force. 
a An exact solution of the problem of bending of a typical fixed-end uniformly 
_ loaded I-beam, made of typical mild steel,!’ shows that the ends of the beam we 
would extend into the strain aorpamnabi region even before the limit of propor- 


> 


vat 
| 


vos the case of I-beams and channels, there is another factor which interferes 

‘a the behavior of beams not subject to strain hardening as visualized in the | 
: _ theory of limit design. The I-beams are characterized as a rule by =e AN 

oe stresses in the web. | In: the elastic range these stresses are roughly 


and equal y ~ (Fig. 19(@)) w where Aw area of the web. When 


| 4 - the f flanges hied just itil the yield point, the shearing stresses follow a aparab- 


‘These deductions follow from a consideration of the static oqeilibefam 


=] element of beam, as used in the elementary determination of shearing stresses. 
ee When the depth hi, over which the normal stress in the web of the beam is still — 4S 
. elastic, becomes quite small, the shear stress at the center becomes excessive. che 


% In the absence of strain einen this condition cannot be relieved by warping © 


actions, ASC Vol. 113, 1948, p. 
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i of the section, and shear failure must necessarily e ensue. * Thus, an I-beam, with — 


the (M-9)- characteristic assumed in Fig. is ‘incapable of sustaining any 


Thus, the major characteristic of the beam essential for formation of le 
hinges is is the strain hardening rather than the plastic stage although the latter 4 é 
is very valuable in keeping down the hinge moments in beams subject to strain | 
hardening. Without strain hardening the beams would fail at the values of 


Most of the ductile metals are subject to strain hardening and thus may be =a of 
suitable for limit design; but the moments present at plastic hinges are unknown __ 

_ beforehand. _ As the hinges form and extend, the hinge moments grow larger. 
es, ‘The moments are greater at the earlier formed hinges than at the later ones. a 
This complicates the application of the theory of limit design considerably. 
-_-_Tt is possible that an assumption of constant moment values i is still | admissible > ‘ 


wet the limits of errors } involved i in it should be 2 investigated. bar bao fy 


lines." ’ Further extension of this theory, allowing for the effect effect of shear and — Bi 
for the warping of the section, is now i in order. ay =| 


4 “authors, but to state the limitations of the theory and to point to some com- % 
paratively unexplored but basic phases of the problem, which must be | ex- 


amined and settled prior to further advances along the road taken by most of 
the investigators in the field of limit design, 


P. S. Symonps"*. —The : authors have rendered. invaluable “service 
i. “* stating and proving in rigorous terms two theorems that are basic in the plastic — “se 
methods analysis and design of beams and frames. They have filled a 
serious gap in the theory. Since they were concerned with basic theory, they 
could not elaborate on the physical significance or justification of the under- 
lying hypotheses, nor could they deal at any length with practical applications. | 
“Limit moment” has also been termed the “fully plastic moment” of a 
4 given en section since it represents the limiting condition i in a mild steel beam m when x9 
Plastic zones have spread all the way across the section except for a zone of a 
infinitesimal thickness in which the stress changes from the yield stress a 
bid tension to that i in compression. cS) As the fully plastic ‘moment is approached, — 


a4 the curvature at a given section tends toward infinity. . Thus, v when the fully a 


— 
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> 
: an important question. Most ductile metals are likely to have the necessary 
requisites, but some aluminum and steel alloys are probably unfit for limit 
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‘'e distance can occur. At such a section free relative rotation would take Pa : 
Sua under constant moment, that i is, as if a “plastic hinge” were inserted. 
if ee These notions of fully plastic moments and plastic hinges represent idealised 
J physical quantities | since they are never strictly realized i in physical cea 
For example, the relative rotations at a hypothetical plastic hinge imply 
curvatures and hence infinite strains; this means that the material 


moments in the authors’ and, in in the methods 
analysis and design, are treated as constants for a given sectiorf and material. ea 
‘ In fact, they are always functions of local loading conditions such as the. exist- 


2 the needed experimental corroboration has been supplied by H 
in his tests on 1 continuous beams a and by J. Baker, AL ASCE, in 
tests on small portal frames. . More work is needed, especially « on frames of | 
 full- scale size and standard commercial ‘members, but the work already done 
i is strong evidence that the Plastic theory | based on the hypotheses of the paper 
ees is not only | ‘simple and direct, but leads to the prediction of failure loads 7 
a4 reasonably close correspondence with observed loads at which the rate of ie 
> increase of deflection with load rises sharply to | ) excessive values. 7 Mr. Baker" | 
: and his associates have also shown clearly the potential practical advantages of 
the plastic methods, in suitable problems, over ¢ conventional elastic method 


: based directly on the authors’ theorem that if plastic hinges a are inserted 
Y corresponding load is always either greater than, or equal to, the actual er ll ; 
_ load of the frame. It leads to especially rapid solutions for rectangular frames 
and would ‘seem to make possible the the determination of the plastic: collapse 
- load of a multi-story, multi-bay frame, or of a shed- type frame in a . surprisingly 


Considering the two-story frame treated as an by the authors, 


i he, any mechanism, including the actual ‘one, can be regarded as built of eae i 


AZ tions of certain elementary mechanisms. — In any | problem there are three 


7 types of elementary mechanisms, ‘namely—those associated with failure of 
single beams own loads, failure of individual panels or 


rity 
“Test Results, their and Application,” by H. Maier-Leibnitz, Preliminary Publica. 


tions, 2d Congress, International Assn. for Bridge and Structural Eng., Berlin, Germany, 1936, p. 97. “ig Ra 
by 
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‘Fig. 20 shows these three types of elementary Rela for the authors’ 
rome and loading. e The dots represent plastic hinges, and angle @ in each case 
arbitrary but small. Joint mechanisms (Fig. 21(c)) are devices for repre: 

senting arbitrary and need not be true mechanisms. insti 
_ There are always just as many of these elementary mechanisms as ee: 
in independent equations of equilibrium relating the moments which must 
collapse analysis; thus in 
elementary mechanisms. a 
‘These can be combined with 
4 each o other just as can equa- 


_ mechanisms o or the particular 


e the lowest corresponding load 
any possible combination. 


> 
MECHANISMS ing combined. In practice 


“atm nations are likely to be ad- 


_vantageous. a Furthermore, when the principle of virtual work is used, as in dhe 


paper, it is a matter of only a minute or two to compute the failure load corre- . 


¥ Fig. 21 shows a number of possibly advantageous combinations. i 
--- gorrect combination is that of Fig. 21(c) which can be thought of as secmpend a 


of Fig. 20(a)_ ‘and those of Fig. ais 


‘diagram chosen so as to ‘dlimi- 
nate the plastic hinge at the top “ft 
left- hand joint. The test for 
correctness is that no other , 
mentary mechanism can be com- 7M, 


‘bined with that of Fig. 21(c) to 1. @ 


he: 21.—ADVANTAGEOUS ComBINaTions oF 
‘collapse load than 11/3 4 wiTH CORRESPONDING Farture Loaps 


is not difficult for the analyst tosee when all possibly advantageous 
‘ have been tried. There is then no need of making any elastic calculations or _ 
ae of seeking a lower bound, and this is often a major practical advantage of the = 

more complete : account is to be published elsewhere® 


* “The Rapid Calculation y the Plastic Collapse Load for a Framed Structure,” "by B. G. Neal and 
8. Journal, cust. of “ (publication 
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, fully i in the determination of shakedown load limits of continuous frames,” that a ate 


of the load limits within which, no matter in what wer or how many ‘ times 


set of loads are applied, plastic flow ultimately ceases. This general problem 
; = includes, as a special case, the problem of failure under a single appli- a a= 


~ cation of a set of loads. _ Its practical importance lies in the fact that when ot = 
_ loads are repeatedly applied i in certain sequences, failure of the type considered 7 
- the authors may occur at lower load values than are required for failure = 
_ under a single load application. _ The authors’ theorems apply only in this — ax 
Finally, the writer would raise a a question of pH The term safety 
factor as used in this paper seems unfortunate since it differs from ordinary a = 
= oe usage. The method of the paper and others available really deter- Fc 
‘mine the failure load of a given frame not a safety factor in the usual sense. aa 
The latter is a number chosen in advance by the designer, for instance, 2.0 or ao 
(1.75, that: depends on his estimate of uncertainties of materials, fabrication pos : 
os loading, and other | quantities in a given | type. of structure. The 
structure is so designed that the given working loads, when multiplied by this 
= , are just capable of producing failure. Safety factor as used in the 
Pp paper has | no relation to ‘the one defined and would seem to make for some _ 


unnecessary confusion by conflicting with ordinary terminology. 


ai H. Tacnav, = J. M. - ASCE. —A valuable contribution to the theory of limit 


design has been ‘made by the ‘authors: of this paper. Because it is ‘clearly 
presented and based on principles familiar to structural engineers, the new ee 
procedure i is easy to learn and easy to apply. ir The proposed methods make it 
relatively simple matter to analyze the collapse of rigid frames with several 
_ bays and several stories. Thus, complex frames can now be ‘subjected > =a 
limit design, whereas this was not practically feasible previously. Bandi 

Certainly, this procedure is much shorter than the conventional analysis, 


as in paper its application to actual design of se 

framed structures. Since the authors’ efforts were evidently concentrated on 

- the establishment and proofs of the new theorems, it could hardly be expected — a 
they would cover t this aspect ‘in the short Space allotted to one ‘Paper. 
| of this discussion is intended to define that gap in more detail. 
as _ By basing their theory on a bending moment curvature ieaak Gig. 1), : 
_ the authors have not encountered the difficulty of ‘Telating the limit moment 

to the s stress-strain curve of the material (usually obtained from » a ‘standard — 
- tension test). The main purpose of Fig. 1 is to establish a working value for 

the limit moment M, . Suppose all members of a structure have the sme 

cross section at the critical locations where yield hinges s will occur. At first 
it may appear that in this particular case M, would be the same at all sections — 


_ ®“Recent Progress in the Plastic Methods of Structural Analysis,” by P. 8. Symente and B. G. Neal, aa 
Seurnal of the Franklin Institute, Vol. 252, 1951 (November, p. 383, and December, p. 469). wel 


Pref. of Civ. Eng. and Mechanics and Hydraulics, State Univ. of Iowa, Iowa City, Iowa. 
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. Onsecond however, this may not be true as 
 - a number of factors influencing the value of the limit moment M,. Lest | 
In a general way the following variables may have to be 
establishing bending moment curvature curves for a given material: 
‘Geometric shape o! of the member, which involves the shape ¢ of cross se section 
and also changes along the axis of the member; (2) distribution of bending _ 
gis _ moments along the member; and (3). presence of of axial and shear stresses in % 
addition to the bending mon moments. hend-yewal 
~ be more specific, consider ‘a frame of structural steel. _ Apparently, 
at the present time (1951) limit moments are not readily available for structural a B! 
Sections of various sizes. However, er, aS a crude approximation, limit moments 
om ~ for wide-flange beams can be based on the flexure formula, using the ultimate — 
strength in place of the working stress. other sections limit moments = 
2: ean. often be approximated by assuming the » entire cross section to be subjected | aa 
be = its‘ultimate strength. More exact values of M, can be calculated by a 
method developed b by Mr. Hrennikoff. This method is applicable to pris- 
matic members symmetrical about their neutral axes; but many steel beams” 
composed of relatively thin parts, and, while local erinkling of the compres- 
sion flange i is not usually a factor in elastic analysis, it might be of importance | oa 
“4 after - yielding has begun. Likewise, lateral instability is of importance for 
rar, many economical steel sections, especially wide-flange beams. — The latter 
topic has been studied in connection with the conventional elastic analysis* _ 
and is incorporated i in the present American Institute of Steel Construction - Fe q 
(ATSC) design specification for steel buildings. — Possibly the formula for 
elastic instability can be modified so as to apply to limit design. An investiga- 
tion of lateral instability in the plastic range has been published,?* but the 


peers of this research are applicable to beams of rectangular cross section ee: 


To obtain connections between the joints are 
ae 4‘ meinforeed with plates, seat angles, or brackets. Thus, the bending resistance _ ; 
7 a ~ ight at the joint will be higher than elsewhere, and the critical sections will: al 
ae _ occur at some distance away from the connection. Obviously this effect is 
ar - In addition, other less important factors may have to be considered wae | 
aq certain circumstances, such as lack of uniformity of the material (which may 1 4 
ae become important in cases where the bending moment varies gradually, a8, 
for example, on the right side of the lower horizontal member i in Fig. 22, , Or 
_ for members of variable cross section), duration of loading, rate of load applica- iM 
Asia tion, nonsymmetrical cross sections, and the restraining actions of web stiffeners — 
a 
aa - _ In reinforced concrete frames all joints are rigid by the very na‘ nature of — 


v4 the construction. Limit. design concepts have been applied to concrete = 


= 


ae * “Theo 4 ory of Inelastic Bending v with Reference to Limit Design,” by Alexander Hrennikoff Trans- 


of of Beams as Determined d by La Lateral Desking, Karl deVries, ibid., ‘Vol. 122, 


* “The Lateral Instability of Yielded Mild Steel eee of Beste gular Cross-Section,” vm B. G. Neal, 
the Royal Society of Series A, Vol. 242, No. 846, 1980, 
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£ columns” but, to of the there i is no published 
of application to concrete frames. Very few load-deflection curves or similar 
a4 experimental data are to be found in the literature, but the deflections at the eS 
“yield” and ultimate can be calculated, and in SOME CASES the he moment curva- 


= 


the method of the paper 
a concrete design is the neces- 
of placing the -reinfore- 
ing symmetrically about the 

bending axis. Otherwise, M, 
be different for | positive 


the positive limit moment is 
different from the negative 
The two-story frame de- 
scribed i in n Figs. 2 to 8serves as 


The selection of the location 
of the yield hinges is not at all 
difficult. They will at 
joints an and corners and un under 
“number of yield hinges is 22 saz ald 
less than the number of re- nies 11) 
dundants, the equations of statics will not be sufficient to solve the forces | on 
all members; but, in such instances arbitrary values may be assigned to these or: 


probably be proved the number of of yield hinges required for “over-all 

p collapse must be at least equal to one more than the number of redundants,? = 
a On the other hand, the hinges could be arranged so the movements of the is 7 


members are not uniquely defined. There is no obvious reason n for deciding oe 


best such that the motion n of each link is completely y controlled by and depends 0 on 
the motions and positions of each of the other links§ j§|. 


a _ Design of Reinforced Structures,” by Des Jr., John Wiley & Sons, Inc., 


ir. whether or not the mechanism created by the introduction of yield hinges s] should , 


New York, N. Y., 2d Ed., 1946. 


_ “Ultimate Strength of Reinforced Beams as Related to Plasticity ¥ Ratio of 
by Vernon P. Jensen, Bulletin No. 345, Univ. of Illinois Eng. Experiment Station, Urbana, Ill., Vol. 37, 


9“"Theory of Limit Design,” J. A. Van den Broek, John Wiley & Gone, Ine., New York, N. Y., 
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ad 


‘moments based on the elastic distribution are represented by dotted lines and a 
and the | distribution at collapse: is shown | by solid lines. The 


1 the - elastic limit, as shown by Fig. 22. In this figure, the ee 


ra 


iy? moment epee’ at the elastic limit and at collapse i is quite ‘striking and a 1 

lends further support to the validity « of the proposed method. ‘The hi ghest 
elastic moment occurs at the left end of the lower horizontal member. 3 


‘same member r is also si subjected to high shearing forces and this is 
action would first begin. (Ordinarily, this place should be made stronger than 


the rest ¢ of the structure, At the same time, the the left. column is 


1.—Limit Desien oF Bent oF Fic. 22 


Moment Stress Shear Moment Stress Shear er 


Upper right vertical j 267 seh 
horizontal 29 -100 | 150 


mpression - i= 4 


M o/h. (For comparison se see 
a when P = 142. 4, but collapse c occurs only ¥ when P reaches 367. . Sot the ‘margin a 
; of safety i is roughly 150% based on the elastic limit. Of | course, the amount of sa 
. the increase e depends on the shape and o other variables mentioned ‘previously. 
After the distribution of moments at collapse has been determined, the 
axial and shear forces can be found for each member. If they ‘reduce M., q 
the critical section may be increased in size, and if necessary, the previous 
analysis ¢ can be reviewed. Maximum moments, axial stresses, and maximum 
ie for each member of the bent in Fig. 3 are summarized i in i oS 
At failure, the right-hand portion of the lower horizontal in Fig. 3 is s1 ub- - 2 
jected to moments varying from M, at the right end to 0 0.917 M, at the center. | - 4 
the original hypothesis that yield hinges o occur at discrete 
x has not been strictly violated, it is doubtful if this condition could be ap- 
proached. Almost half the n member is in a plastic: condition, a and collapse 
occur at a lower load than required by tl the mechanism of Fig. 
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factor introduced in this paper permits the neglect of all that happens b between pes = 
the first appearance of the plastic phenomena and the total collapse, since it si te 
_ considers the structure only in this final phase. It does not consider, however, _ 
the effects of the axial force that may, in some cases, play a very important role, 
Owing to the presence of the axial force, in fact, both the value of the moment — 
corresponding to the beginning of the plastic phenomenon and the value of the - 

limit. moment. M. decrease . The point of interest, as was stated in the In- 
troduction, is not to know the relation between the bending moment and the -_ 


curvature in the elastic-plastic state but the new reduced value M’, of the limit — 


* 
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-- is the most frequently met with in the technical practice is used. The — 


in a diagram o of the stresses —s * an axial force N and by the limit moment 


Prof. of Construction Science, Univ. of Italy. 
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= which N, = (c, being the yield stress) equals tow 


would its sole action the yielding of the section. ‘The condition 


_ If the forces N are known, from Eq. 32 the value of the reduced limit moments 

: _ M' o is drawn, and the calculation of the safety factor goes on by means pesallel 
a's % to those proposed in the paper. This procedure is used, for instance, in the | 4 

ease of a deflected beam loaded with an axial constant force. 

ny Generally, however (as, for instance, in the c case of the frames), the : axial a : 
forces NV depend on the loads applied, and in the collate phase they are linear 

functions « of the couples applied at the hinges. 


In the CD the 


‘ 


j 
moment has one value along the whole bar, as the axial force it it al is con- 
_ stant, and the section is presumed constant.) For ‘the equilibrium of of the line 
DE the axial force in the Cols. 4 and 5 (tension | forces considered positive) i is 


a 


equilibrium tn the line AB the shearing f force is od) 


“Bciensa delle Costruzioni, by A, Galli, Vol. 2, 1951, 216... he 
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ng finally the beam: CF two senditens- are obtained : bite 


att R= 


ing 
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which give the normal wre adi 


The force Ns, in its turn, is given by the difference of the shearing forces i ae 


2 M’ 2M’ + — 
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“Bags 34, 38, and 39 give the values of the ceed forces as linear homogeneous 


of the couples M’,;. for a generic 


1 
ie which n is the r number of the bars of the frame on which some yield hinges 
means of Eq. 32 the system 
+ 
Having thus obtained the values of N; and, therefore, those of the reduced 
ms a M’,;, the next step is either to ascertain whether the coefficient n is the safety 2) } 


; 7 factor or to define the interval in which said factor is contained. | 


GREENBERG? anp W W. Pracer,® M, ASCE ——Mr . Grinter’ s intuitive 
approach to the main ‘theorems of the paper will doubtless. be welcomed by 


_ the theorems can be proved rigorously. Others, however, will insist on seeing 
an proof before they feel justified i in applying these theorems. For the 4 


First of all, the asvumption that a frame with (n—1) redundancies will phe 
only after rn plastic h hinges have developed i is erroneous because it excludes the - 

possibility. of local collapse discussed in section 5 of the paper. The -assump- 
tion that the choice of a collapse mode leads to statically determinate bending a 

likewise overlooks the possibility of local collapse. Next, Mr. 
Grinter’ 8 way ‘of determining the argued hardening 2 x om the supposedly, 


tiv rely use uses the Ww rriters’ ’ theorem I w whish Mr. Grinter i is about to p prove. + Si nce 
this theorem is not yet show n to be valid at this stage, the only | way of . 

the frame it in 1 such a @ manner that the assumed collapse mode cannot fail to be the 
actual one is to leave the limit moments unchanged at the chosen yield hinges — 

and increase them indefinitely everywhere else, as is done in the last paragraph 
of the paper. This corresponds to r= 0; therefore, the correct form of Mr. 
4 _ Grinter’ s argument furnishes the trivial loner bound zero for the collapse load. ‘ 
F inally, even though the assumed collapse mode becomes the actual one when 
- the limit moments of all cross ss sections, ra the chosen yield hinges, are & 
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GREENBERG PRAGER ON “LIMIT” DESIGN 


a 
indefinitely, the conclusion that the collapse load from this 
«a 3 _ mode is an upper bound for the collapse load of the considered frame is based __ . 
on the tacit assumption that theorem V is valid. Actually, this theorem 
consequence of theorem I which Mr. Grinter not yet established 
writers agree fully with Mr. Grinter’s remark that good engineering 
og _judgment is needed if the bounds obtained from the two principles are 
| bracket the collapse load closely. Since even the best engineering judgment 
* ie may fail in the case of ‘highly i indeterminate structures of unconventional design, _ = ui 


- iterative methods providing. a systematic 1 narrowing of the gap between the 
_ bounds are needed. In this connection the work of B. G. Neal and Mr. 
Symonds*,?011 and W. Nachbar and J. Heyman** must be mentioned. The 


hia a methods developed by these authors are based on the theorems. presented i in 
this paper and go far toward eliminating the need for engineering judgment val 


q 


| 


| 


Silverman’s reveal fact that the term ‘ dimit as 
tt is misleading and should be replaced by the term “limit anal- e 
introduced in 1951 by W. Prager and P. G. Hodge, Jr. Silver- 
-inan’s contribution to the discussion contains an example of wes limit design; 
_ other examples | have been presented | by. Mr. Heyman.** 
stated by Mr. Benjamin, a common “safety factor : to various 
type of loads is not realistic. The writers were well aware of this fact but ae “gy 
did not think it advisable to obscure the exposition of the basic principles by ec" 


introduction of the numerous ‘complicating ¢ conditions encountered in 


practice. To illustrate the application of the method to the case of concen- 


The Calculation o: of Collapse Loads for ‘Framed “Structures,” * by a. Neal end P. 8. Symonds, 
Inst. C. E., London, England, Vol. 351, 1950. 
Methods in the Limit Design of and Nachbar, Pro- 
edings, First U. 8. National Congress for Applied Mechanics, Chicago, Ill. (publication pending). — rod - 
oe “Theory of Perfectly Plastic Solids,” by W. Prager and P. G. Hodge, Jr., John Wiley & Sons, Ine., ne i ey r 
New York, N. 1951 Chapter VIL, See. 41 
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: trated or distributed loads which vary independently, consider the portal frame _ 
ay with hinged feet shown in Fig. 25(a). Applied to the collapse modes shown in 
Figs. 25(6) and 25(c), the principle of virtual work yields the relations: 


bers of the frame. The discussion of these relations is facilitated by the use 


a in which the limit moment is assumed to have the same value M, for all mem- i 


of Fig. 26 in which 77~ and S77. are used as coordinates. Eq. 42 represents | 
‘the straight line DE. According to Theorem III, the value of P obtained from 
_ Eq. 42 is an upper bound of the collapse load. This means that the points to — x. 
the right of the line DE in Fig. 26 cannot represent safe states of loading. — a 


corner A and the center 
of the span AB (Fig. 25(0)). 


Therefore, Eq. 48 must be dis 


cussed for =—. For a fixed | 


ane 


value of z between these limits, 
Eq. 43 represents the straight 
Time which makes the intercepts 

B82, 42058 FR * 
on the coordinate axes in Fig, 
26. The envelope EF of all 
these lines corresponding to vari- 
ous values: of z between 1/2 and I 
readily sketched whenafew s 
lines corresponding to selected 


values have been drawn, 


Fra, 26 Since all collapse modes that 


therefore, are represented by the points of the shaded area ODEF in Fig. 26. 2 
mt bs Let the point G, in Fig. 26, represent the given state of loading > ifP — 
ware to be increased in proportion until collapse occurs the safety factor is the oe 
bie ratio of the abscissas of the points H and G, Fig. 26. Ontheotherhand,ifw 
represents a dead load and only P is to be increased until collapse occurs, the _ 
safety factor is the ratio of the abscissas of the pointsIandG. 
The difficulties created by the presence of axial forces have been stress d 
br several discussers. As {Mr. Popov states, it is assumed that all com- | 


a 


~ 


om 
| 
— 
ay _ type of loading are of the kinds shown in Figs. 25(b) and 25(c), or combinations ae a. 4 
of them. the nreceding discussion is exhaustive. The safe states of loading. 
: 


re 


“pression 1 members possess a sufficiently lew slenderness ratio so that: instability 


not occur. To those feeling that this assumption deprives the limit 

‘ analysis s of its value, it must be emphasized that the customary elastic : analy sis ot 

is based on precisely the same assumption. Indeed, the deformations of the — oe 
_ members are disregarded when the equilibrium conditions are set up. 


me means that the possibility of buckling i is arbitrarily excluded in the determin- — 
fan of the redundant forces or couples. Only after the axial forces have been — &, 


found in this manner is the possibility of buckling investigated. The same pot 
| procedure cs can be followed in the case of limit analysis. In both cases, the = 
sy results of the preceding analysis can be accepted only if the subsequent check 
shows that there is no danger of instability. _ Otherwise, the cross section of he _ 
the critical member must be increased, and the first analysis must be repeated 


of whether it was of the elastic or limit type. 


Aside from raising the — axial are because 


W hen Mr. Franciosi’s M, and No: are identified Mr. . Benjamin’s 1.5 S oy 
and Aoy,: respectively, Eq. 32 is seen to represent the parabola i in Fig. 15. The hd 
straight line in Fig. 15 can be obtained in a similar manner for an I-beam ae Be : 
~ section if the flanges are considered as indefinitely thin and the contribution of i : 
the web is neglected . Mr. Franciosi shows how this type ye of information can be 4 a, 
incorporated in the statical analysis based on theorem I. An alternative — i. 
kinematic analysis (not published) based on theorem has been developed 
by E. T. Onat at Brown University, Providence, R.I. In this analysis the i i 
effect of axial forces are taken into account by replacing the ordinary yield ve 
+ hinges of limit analysis by modified hinges which allow not only a relative 5 
; -Totation but also an n approach or separation of adjacent ¢ cross sections. 


limitation of the theory. by Limit analysis is on the e assumption that 
- beam or frame under consideration can fail only when sufficient yield hinges — 
have developed to transform it into a mechanism. Hill has 

_ shown, this assumption is completely justified only i in the case ° of a rigid- plastic 

beam that cannot bend until the bending monent has reached the value M, 
and may then bend indefinitely | under the constant bending moment M,. 
course, this concept of a rigid- plastic beam is not realistic. On the other t hand, a [ 

_ ‘a beam with the more realistic moment-curvature acs of Fig. 1 may cease 
; to be serviceable before the collapse load furnished by limit analysis is reached. _ 
. _ This may | be due to excessive local strain at a a yield hinge, as Mr. Hrennjkoff_ ‘8 

states, or to the occurrence of large deflections made possible by the coopers= 

— of several yield hinges, none of which bends excessively. The development. a oy 

a of a general, simple method for estimating the deformation at the instant of 

impending collapse would constitute, therefore, a most , significant 
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the State of Stress in a Plastic-Rigid Body at the Yield by R. Hill, Maga- 
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Bhi, For the sake of brevity, the writers assumed the same absolute 
the limit | moments for positive and negative curvature. Actually, 
‘methods presented in the paper are readily extended to the case discussed by 


Mr. Tachau in which the positive limit moment differs in absolute value from — 
negative |i limit moment. In the statical analysis based on theorem 


sign of the bending moment at each yield hinge must then be taken into y account — 
in determining the limit moment for this hinge. of tn the kinematic rd 
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"EXPERIMENTAL S° STUDY OF WATER Row 


W. Owen: tas Mut tot asol nhs 
af) wl i 4 
Head loss and velocity distribution measurements were on three 
pipes formed by centrally supporting pipe cores in outer | pipes. Know!l- 
b edge of flow conditions i in pipes of this type is important in many engineering P 
_ applications. — - The fluid used in the ‘tests was water, and the range of Reynolds _ 
numbers tested was from 4,000 to 700,000. A daseription is is given of the 


ratus used and the precautions taken to assure green to the test conditions. P 


field, and ‘conclusions are drawn regarding flow conditions to be expected in 
f 


Knowledge of the head loss and velocity | distribution for the turbulent 
tue of fluids in the annular space between two coaxial ‘cylindrical pipes is - 


fl 7 important in various engineering problems, especially in those encountered in 

aa de the oil-producing industries in which pipes of of this type are in common use. % -S <a 
res , _ this paper such pipes will be referred to as annular pipes; the inner pipe will _ 
“a 3 called the core, and the outer pipe alone, without the core, will be referred to 

asa circular pipe. The investigation that is reported herein was” conducted 
 * to reconcile the conflicting results reported i in various investigations listed in 

ee } the bibliography and to obtain reliable results, especially with respect to the 


head loss and velocity distribution for turbulent flow i in annular pipes of 


_ Notation.—The letter symbols used in this paper are defined where they 


occur and are assembled in n Appendix I I for convenience of ‘reference. 


Nore. —Published in Geptember, 1951, as as Separate No. 88. Pesitions and titles given 


: me "are those in effect when the paper was received for publication. 
Asst. Prof., Theoretical and ‘and Applied Univ. of of Hino, Urbana, 
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ay an and 3.499-in. outisde diameter) was placed inside the 6-in. . pipe and supported i 


_ Range of Tests——One brass and two ro steel annular pipes were used in the de EY 
investigation. The brass annular | pipe consisted of an outer ' pipe having a a 
- nominal inner diameter (d,) of 2 in. and an inner pipe or core havi ing a nominal a 
outer diameter (dz) of in. (ratio = 2. 2.47). One steel annular pipe weed 
in the test consisted of an outer pipe having a nominal diameter of 6 in. and a a 
nominal core diameter of 2 in. (di/d: = 2. 55). The other steel annular pipe ~ 
consisted of the same 6-in. outer pipe but had a core with an outside nominai © 7 
diameter of 3 in. (d = 76). Head loss and velocity determinations were 
made while water flowed through the pipes at Reynolds numbers varying from . 
_ 4,000 to 700,000. The water entered the annular pipes from a standpipe that ‘= 
maintained a constant head of approximately 6( 60 ft. Head loss measurements 
ere also made on the outer pipes without the core so that a ® comparison of the 


he 


and velocity. Furthermore, theoretical expressions for the velocity and the a 
rate of discharge for laminar flow in annular pipes have been given by H. a 
Lamb | (8)? and confirmed experimentally by F. C. Lea and A. Tadros (9) or 
annular pipes with values of the ratio d:/d2 of approximately the same magni- 
tude (1,75-2. 5) as those of the test pipes used in this investigation. This * , 
“range includes the values of the ratio of annular pipes that are in general 

_ use. However, it was found by Messrs. Lea and Tadros that, for considerably — 

_ higher values of the ratio d,/d2, the experimental results for laminar flow did a 
* ‘not agree satisfactorily with those obtained from the theoretical expressions. od fs 
For example, it was found that for d;/dz = 23.0 the theoretical values of the 3 
quantity flowing were 26% less than the experimental values. This difference “a 

in results has been eneenti to turbulence adjacent to the the surface of the core. — 
DESCRIPTION OF APPARATUS 


Inch Steel diagrammatic sketch representing the ‘epparetes 
a = used to test the 6-in. annular pipe is shown in Fig. 1(a). The outer circular — << 


= pipe consisted « of five lengths or sections of 6-in. steel pipe, each approximately — 
on 20 ft in length. The actual inside diameter of the pipe was 6.06 in. Piezometer _ 
_ rings were placed between the pipe flanges at places where two sections of | 
were joined, and the piezometer rings w ere connected to a 4-column 
manometer by ‘means of which the head loss for a any one or for all of the 20-ft og 
nm of pipe could be measured. The gage fluids used were mercury 
~ (specific gravity 13.56), carbon tetrachloride (specific gravity 1.595), and a 
mixture of carbon tetrachloride and gasoline (specific gravity 1.23). . The e 
gage fluid in the ‘manometer a lighter fluid whenever the 
_ difference in levels of the gage fluid columns was so small as to cause appreciable : 
a errors in reading the manometer. Each of two galvanized | steel cores (2.375-in. '¢ 
_ and centered by means of metal spiders that also served as connections for the 


a 2 Numbers in parentheses, thus: (8), refer to ae items in = Bibliography (see Appendix 1) : 
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-coresections. The spiders ¥ were located downstream from the region o not eae 
or pitot tube connections to m minimize disturbances that might affect the <a 
_ measured values of pressures or velocities. Both cores consisted of sections — 
10 ft long and both started at the upstream end of the first section of 6-in. Je 
a pipe and extended to within 10 ft of the end of the last section of the pipe. 2 
discharge was controlled by a gate valve located at the downstream bs 
pre of the last section of pipe, and discharge was measured by means of a Re 
calibrated 90° V-notched weir. The first section of pipe was connected 
the laboratory standpipe as shown in Fig. 1. | Straightening vanes were placed — Ae 


6 ~19.3 Ft 3 Ft- — 19.9 9 Ft— Ft —>«—20.2 Ft (Guide Vanes 


10.03 Ft 8 In. Gat 
i; _--------- 


Control Valve 
Discharge to Weir 
With Guide Vanes 


ate 


Ve 


Differential 


in the elbow and reducer, and the straightening section consisted of a nest a i) Be 


tubes. These measures were designed to eliminate spiral motion of the water oa 
‘and produce s a uniform velocity distribution in the test pipe. constant head ia 
- of approximately 60 ft was maintained on the test pipes by means of a skimming 5A a 
at Pitot tube stations for making velocity trav erses ‘woes located in the first 
and last sections of pipe. Provisions were made to take velocity traverses BS 
the radial direction at diametrically opposite points at both pitot tube — 
and the pitot: tube traverses at the second station were made at 90° to those 
4 at the first station. a Static pressure connections at the pitot tube stations were’ 
made by drilling several holes in the 6-in. pipe, connecting the holes to a piezo- 


: meter ‘Ting, and connecting t the piezometer ring to on one side of the pitot tube 


ra ly differential manometer. > The pitot tubes were kept in alinement with the = aa 
’ i of the pipe by rotating ‘the tube ‘80 that a vane mounted on the tube se 
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pipe apparatus | is in Fig. 1(0). The core is not shown in this 
The | outer pipe consisted of smooth brass pipe ‘composed of three sections, — 4 
4 each 12 ft long with an actual inside diameter of 2.075 in. The: couplings con- | : 
necting the three sections of pipe were of the sleeve type that permitted the 
el a! ends of the pipes to butt against one another and held the pipes in alinement. 
oP. The core consisted of 6-ft sections of 3-in. diameter (0.840-in. actual outside 
diameter) smooth brass pipe. The core was supported and centered within 
- pipe by means of spiders. — The core > was fastened ti to the ‘spiders by pins | 
which fixed the ends of the core and tended to reduce the deflection of the core 
oe a minimum. The maximum deflection of the core which occurred at the 
midpoint of the Jength of the core was calculated to be 3% of the 
betw een the core and } pipe wall. 
_ The core extended the entire length of the pipe and was designed to ae ae 
oe the placing « of a spider near a manometer ting. The test st apparatus consisted — 
of an approach section of 13. 5 ft of pipe, leading from an 8-in. standpipe © 
supply line, followed by a test section of 20.0 ft. The pressure drop in the test 
Section was measured by means of a differential manometer. pressure 
; connections to the pipe | were made by - drilling four holes , 0. 1 in. in diameter, ag = 
at right angles in the pipe. All burrs were carefully removed from the piezom- = 
_eter holes that led into ne piesometer ring from which the connection to the © 
‘manometer was made. te of discharge was obtained by measuring the 4 
ae - time necessary to cliect a given weight of water in a tank ‘mounted on a 
Velocity measurements ere made by means of a pitot-static tube of }-in. 
outside diameter. The pitot-static tube,was connected to the same differential a ; 
|‘ manometer as that used for the head loss measurements. Three gage fluids 7 
were: used so that the manometer could be read accurately throughout t the 


f test diti : 
range of test conditions. 


4 INTERPRETATION oF Test RESULTS © 

~~ Head en, —aA dimensional analysis of the flow in an annular pipe rev a 
pip 


the friction factor is a function of the dimensionless ratios 
<,/€2, and €:/d,. For each pipe used in ‘this inv estigation the variation of 
25 friction factor with the dimensionless ratio Vd,/v can be determined from the a 
Bs g Stanton diagram, Fig. 2. The ratio Vdy/v for any annular pipe is equal to ; 
oy 7 : constant times the Reynolds number (4VR/v) shown as abscissas in Fig. 2. 4 
an _ If the diameter of the core in an annular pipe is increased and all other ee 
; remain constant, the values of the la: last two of the foregoing 1 ratios remain con- 
stant, but the values of the ratios d;/d; and V d;/v change. From the dimen- 
wi " ‘sional analysis result shown above, the Stanton diagram for the flow in annular | 
pipe sho should consist of f several distinct families of curves. Each family 
curves ‘would be expected to represent a different hydraulic roughness and 
‘each curve in the family, a different value of the ratio d/d2. work 
_ ‘Fig. 2 shows this s expectation to be true ‘for the pipes used i in the ‘investiga-_ 
tion and also for the | pipes tested by F. R. Lorenz (11). The « dependence of the 


frietion factor e ratio d;/dz indicates on average curves showing 
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ANNULAR PIPES 


ve D. H. Atherton (1) and A. P. Kratz, H. J. MacIntire, and R. E. Gould (7)) oe 


are unreliable. The curves showing the relation betw yeen friction factor and ahr “a 


initial section used in the test pipes. it can be said that the curves 
= the nnearan between the friction factor and Reynolds number lie 


oo 


4 > curve of J. Caldwell’s data is reproduced in Fig. 2 to show the gradual nee . 


24n. on Circular ‘caren WK 
2-In. Brass Annular a 
6-In. 
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_ from laminar to turbulent fi flow noted by several es experimenters an and also to show | re Js 
another ¢ experimentally confirmed fact that the transition from laminar 
turbulent flow for annular pipe occurs at the same value of Reynolds number ¢ 
as for circular pipe when the Reynolds number is based on the mean hydraulic | by 
radius. It should be pointed out that the calculations of the friction factors 
7 ‘in Fig. 2 are based on the mean hydraulic pera and, therefore, are only} the _ 
value given when the diameter is used. odd 
traverses in annular pipes are shown in Figs. 3 through B17; Fig. 3 shows typical — = 
velocity distribution curves for various velocities in the three annular pipes 
used i in this investigation. It should be noted that the distribution - 
_ curves for corresponding velocities in the three annular pipes are similar in (rn 
and are quite: flat for the lower velocities, becoming more pointed for in- 


creasing velocity. The ‘position of the point velocity 
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abs i Gould fall below the curve for the circular pipe without a core and are not in = 
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PIPES 


constant within the I limits of e experimental error, for a given annular pipe. 
a P From the velocity distribution curves it is also noted that the point of maximum | 
o: a velocity 1 is nearer to the core than to the pipe wall and that the velocity next a 


to the core is always greater than that next to the p pipe wall. This isin disagree- % 4 es 


ment with the peat of V. Mikrjukov (12) but agrees with the results of Mr. | 
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(6) STEEL 6-IN. PIPE 
"WITH 3N. CORE ~¢ 
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BRASS 2-IN. wet 
WITH 2 CORE 
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Fia. 3.—V eELocity TR tAVERSES IN Pire 


es not since the points for the various 


velocities fallina very narrow band. However, the points adjacent tothe core =f 


lie in the same order as the velocities, with one exception, thus indicating a de- — 
ee pendence of the velocity distribution curve on the Reynolds number. © This” 
iN fact is in contradiction to a conclusion made by Mr. Lorenz in which he states 
that, in a dimensionless velocity distribution curve, such as the one shown - 
‘Fig. 4, the dependence of the velocity distribution curve on the 
number vanishes. iy The dependence of the velocity distribution curve . on 7 
= number was also noted in the two 6-in. steel annular pipes used in the — 
The fact that the points in in ‘Fig. 4 converge in 
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ea — at v/Vmex and y/r; — 2 for the 2-in. brass annular pipe for all the velocity tra- ig 5 
individu 


A 


the reg region of the maximum velocity i is an indication that the point ot mexioatin 


Vs 


the ratios v/Vmax and y/r; — r2 for three annular } pipes used in n this investiga- 
“3 tion. ’ The curves shown in Fig. 5 are velocity distribution curves obtained by 
averaging the values of v/Vmax for the various velocities in each annular pipe. a 
See ‘The effect of the Toughness on the shape of ‘the velocity distribution | 
; clearly : shown by examining the velocity distribution « curves for the 2-i: 


_ Fig. 5 shows dimensionless velocity dist tribution curves 


. 4 pipe eopcel a 2 eee core and the 6-in. steel pipe with the 2-in. steel core. 
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pipes have approximately the same di/dy ratios, but they vary 
; 2 considerably i in roughness. © The velocity distribution curve for the steel annular 
pipe has a much more elongated form than that for the brass annular ‘pipe. oe Oe 

f This fact is also found to be true for the flow of fluids in circular pipe. | The oo 


explanation for this fact is that the greater shearing stress in the fluid in the BF 

effect of varying the ratio on the v velocity distribution curves can 
be seen by examining the curves for the two ‘steel annular pipes in Fig. 5. It 5 


should be realized that, although these pipes were made of the same ‘material, ee a 
_ their hydraulic roughnesses | were different and therefore the effect of roughness | Pe re 
is not entirely eliminated. The two curves practically coincide at all 
ws 
from the core up to ‘o and including the point: of maximum a velocity. : From the 
: _ point of maximum velocity to the outer wall the curves diverge progressively, y. 
the pipe with the 3-in. core lying uppermost. The reason that these two curves eae . 
a were quite similar is probably a result of the fact that the values of the ratio a 
dy/d, did not vary ‘appreciably in this investigation. Mr. Lorenz found 
considerable change in the velocity. distribution curve over a range of the 


ratio di/d; of 1.9 to 19.0. His results show a dimensionless graph 
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distance from core to point of maximum velocity 


pail distance from pipe wall to point of maximum velocity — 


Te —for three brass annular pipes. zh ‘Mr. Lorenz found that the data for his three 5 
‘ annular pipes fell approximately along a straight line. | ~The point representing q 
y the data for the brass annular pipe used in this investigation did not fallalong — 
line, howev er. According to Mr. Lorenz, as the ratio d,/d,; approaches * 
unity, the point of maximum velocity approaches the. midpoint of theannular 
“* space. The fact that no shift of the point of maximum velocity was noted in | a 
might be due to narrow the values of di/dz used. 
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curve the velocity data were to This was done 
a. determine whether or not the velocity distribution curve could be expressed as" — 
- simple exponential function, as is done in the case of pipes of circular =e. 
eee section. Fig. 6 is a graph plotted to logarithmic scales showing the relation 
between the velocity » and distance from either the core or the wall for the 
three annular pipes used in this experiment. The open circles represent 
__-velocity distribution data for the region from the core to the point of maximum " oq : 
velocity, and the closed circles Tepresent the data for the Tegion from the pipe 
a to the point of maximum velocity. The fact that these data for each L: 
‘ . a fall on two straight lines indicates that the equation for the velocity — 
curve is made up of ti two parts, one on e¢ a the maximum 


which aisa constant and symbols. are as previously d defined. the 
7, po value of n for the core is always equal to or less than that for the | pipe 9e wall and 
_ decreases with an increase in Reynolds number, with a few exceptions. This 
substantiates the statement made earlier that the velocity curve 


appears to be a function of Reynolds number. oF 


— , 
— 
— 
a 
es 
o 0: — 7 
y 
3 
> | 


ANNULAR PIPES 


e slopes of the steel 


n for the two steel annula 


act. 


in, Pipe With 3-1n. Co! 


e 


an 


Points Near Core Wall 


@ Points Near Pipe 

_ 04 O05 06 07 

Distance From Wallin inches 


Fie. Distrisution Curves Near Core anp Pipe WaALLs 


7 


mainly pipes was found to decrease as the ratio 
value of ent with the conclusions given 
/d; decreases. This statement is in agreem . 
| 
— 
is bulent flow of water in the annular space betw 
concerning the tur f di/d; from 1.76 to 2.55 and 
“coaxial cylindrical pipes for a range of values of di/ds 
f Reynolds numbers from 4,000 to #00,000. 


‘the: ‘roughness of pipe, and the (2) the 
_ friction factor at a given Reynolds number is greater for an annular pipe than = 


Reynolds number, increases as the of the core “phased in the 
Velocity Distributions.—(a) The point of maximum welepity of flow i in 


i pipe | wall a the velocity distribution curve in an annular pipe is a function of : 
the roughness of the surfaces; (d) the velocity distribution curve for a given 
annular pipe appears to be a function of Reynolds number; (e) the exponent n in» 

the equation for the velocity distribution curve, V = a y", is less at the core = . 
wall than at the pipe wall; and (f) for annular pipes of the same = ¥ 


roughness the value of n in the equation for the velocity distribution curve is 7 
Tess for a smaller value of Tatio di/de, therefore the wees distribution i is os 
function of the ratio di/ds. 


This inv restigation was carried out in n the Seduealiad Laboratory | of the 
: Department of Theoretical and | Applied Mechanics as a part of the work of the 
Engineering Experiment Station of the Univer sity of Illinois at Urbana. 4s ‘a 
Acknowledgment is due to W. M. Lansford, _M. ASCE, under whose 
- direction the work was p performed, and to | W. R. ‘Staples, E. K. Frazier, W. J. 
Day, and J. R. Poyser, graduate students who carried out ee of the i in- 


as part of their graduate 


= APPENDIX NOTATION +4 

he following letter lini have iam adopted for use in this paper and — 
the 


= ‘inside diameter of outer pipe; 


| 


out 
= inside radius of outer pipe; a | bs 
outside | radius: of i inner pipe; 
velocity ata giver en ‘point; 
average velocity of fluid; ny thes 
= moximum velocity of fluid; 4 

g= = = acceleration of 
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hy = head loss due to friction; to, Agu! _ 
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elon cross-sectional area of annular section; x 


measure of tow hness of outer ipe; = van 
= measure of roughness of i inner pipe; 
J é 
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“he status of 
leaves much to be desired. Many of the maps are 
and most are in danger of becoming obsolete. _ Changing standards and re- 


quirements have increased the rate of obsolescence. 


am 


The United States Geological Survey (USGS) has ‘cooperated 
ith other federal and state agencies to produce maps that were valuable in the — ra ¥ 

planning» ‘and supervision of many projects. Mapping» standards of th 


An comprehensive mapping program is proposed to expedite if 


Settlers from all. points of the compass from every continent 
flocked | to its shores since Columbus and his contemporaries first discovered _ 
this is hemisphere. The early pioneers found land of abundant natural 
- sources. With the lavish abundance of nature on every hand, there seemed no Et 
need for conservation, so they indulged in many wasteful practices which — 
_ decimated the nation’s wildlife and destroyed large areas of forest. These — 
= conditions prevailed when the United States Department of the Interior was s 


created as ceases Department” in 1849. One of its primary functions cae 


by 


Its have provided the means for the development. of the 
os nation’s industrial might and have made possible the highest standard of © 
_ living in the world. Many of these resources and raw materials, which ron ae 


Nore.—Published in April, 1951, as Proceedings-Separate No. 65. Positions and titles given 
those in effect when the paper or discussion was received for publica 
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(NATIONAL TOPOGRAPHIC MAPPIN 
2 no resources are overabundant in relation to anticipated needs. — The United © 
ers States is still a land of opportunity, but to maintain its progress and position 
y P P 
Be ia of leadership requires all possible tools and facilities, coupled with vigorous 


: ete - One of the primary national requirements is a sound knowledge of the 
She _ terrain in n every part o of the country. Good topographic maps | which provide s 
such information are versatile, fundamental tools that can be of service 
solving a variety of urgent problems. In the past these maps have not ange 


es _ After the Civil War, the need for reconnaissance and exploratory maps a ee 
% the West was partly met by the work ¢ of the Wheeler, King, Hayden, and Powell 
Gentes * These expeditions produced small maps of large areas (small- scale a 
maps) which provided general rudimentary geographic knowledge for he. 
pt location of transportation routes, and otherwise met the needs of a pioneer 
population. However, it was not until the USGS was organized in 1879 “to 


public lands and to examine the geologic structure” that 


Small-scale reconnaissance mapping was continued ‘the Geological 
‘Survey until about 1900 when one third of the United States had been charted. 


—t the development of the country progressed, the trend in map requirements ; 
was toward larger scales, more detail, and greater soouracy, which led to the 


ments were designed and new methodsdeveloped. 
During the 1930's it became apparent that higher standards of of accuracy 
were e needed to insure that the national series of quadrangle r maps would be a 
"suitable for all major uses, and also would be of such quality that they could be 
_ conveniently revised at any time in future years. Such standards were oe 
? ies - adopted, , and as a result, modern 1 maps p produced by the Geological Survey - 
i should be adequate for an unlimited period, except for occasional revision 7 
by changes in man-made, or so-called “cultural,” features. __ 
Rg. Considerable credit must go to the various states for much of the mapping — 
am that has been done. Local cooperation has been encouraged, and several te 
(especially i in the East) have underwritten extensive cooperative mapping 


on ‘programs since this policy was established in 1885. In 1930, Connecticut, om” 
‘Delaware, Maryland, New Jersey, New York, Ohio, Rhode Island, Wet 

Virginia, the District of Columbia, and the Hawaiian Islands were completely 
| represented by maps which were considered adequate at that time.- Un- _ 4 


maps, like automobiles, do not ir improve with age but suffer ‘obso- 


“Contributions to the History of American Geology,” by George P. Merrill, U. 8. 
§“Service Monographs of the United States Government, No. 1, The v. 8. Geological 
the for Research, D. & Co., New York, N 
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By map coverage was complete e on approximately « one 
half of the total area of the United States. _ However, because of changing gee. 

a requirements and higher standards of accuracy, much of this mapping ven a 

of questionable value. _ Actually, only Massachusetts and Rhode Island were 
then completely covered with adequate maps, and only o one fourth of the entire 
States could be considered adequately charted. 

- Several attempts were made to inaugurate a long-range federal | mapping» 

during the years that followed World War The Temple Act, 
_ which was passed by Congress in 1925, provided an initial appropriation ee 
i oC $1,000,000 to ) be increased yearly until the United States was 
a completely mapped. Although the program was thus approved in principle, 
Be funds were not appropriated to implement it. Federal funds directly appro- 7 

_ priated for topographic mapping for 1935 | were less than | $200, 000, or about. 

aie. The failure to implement the Temple Act resulted i in a serious lack of maps — 
Pal required for planning national defense against invasion when World War oi 

started. lt was necessary at that time, therefore, to produce maps for mili- 


mi ie when these facilities were also needed in the mapping of foreign areas der 
# _ to the immediate scenes of military action. ion. Since trained technical personnel - 
‘not available in sufficient numbers an and since really ‘modern equipment 
was not available in quantity, many of the maps prepared as part of cis 
emergency program are substandard. It has been necessary to remap some — 

of these areas, and many more must eventually be remapped. It is incon- 
- ceivable that a recurrence of this deplorable situation, with its | 

- waste of public funds, will ever be permitted. " ‘Intelligent planning on a- 
national scale, for both civilian and military needs, requires good ‘topographic = 
- maps, and the demonstrated need demands a long- -range program to accompli a 


bi 


state governments promises ses to result i in ‘construction. programs of a magni- 
~ tude heretofore unknown in the history of the nation. | 
a expenditures during the n next several decades for water resource prdjects alone 


are estimated to cost more than $52,000,000, 000. E. R. Needles, 4M. ASCE, 


to extend and i improve tl the highway system for handling present and md 
traffic. improvement of airports and related facilities is another construc- 
tion program that will also require billions of dollars before 1960. With — 
3 current al and proposed development programs of such h unprecedented magnitude ; 
in prospect, it ‘would seem that one of the first requisites for comprehensive ry ie 
planning—complete topographic information—should be available. Unfor- — ae 
q a tunately, adequate maps of the required standards are not now available. This | 


is a serious situation because it cannot be alleviated over night. 


pa 
al It is axiomatic that carefully prepared plans are a prerequisite to the success age 


4g any major project. Planning is greatly handicapped when basic information PS 


_ “Enter the Road Builde by E. R. Needl t »N mber, 1940, 109. 
t ers, dies, faganine, | ovember, P. 
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lacking. fact, the ultimate success or failure of a project can 
the availability of adequate fundamental data. Accurate topographic maps 
provide essential basic data in many engineering “activities and should 
for preliminary as well as for detailed planning. 
VALUE or Maps IN DEVELOPMENT PROJECTS ‘eat 


even 


as When the Tennessee Valley Authority (TVA) vw was first established i in 1933, 
_ E. Morgan, M. ASCE, was appointed chairman and chief engineer. i 
Morgan immediately recognized t the need for complete map coverage for 3 
basin-wide program of land and water development. An analysis of 

status of mapping for the 40,000 sq miles of the Tennessee River Valley 
revealed, i in general, that no adequate maps of the basin existed, although a 
reconnaissance maps were available for some areas. The Corps of Engineers, 
United States Department of the Army, had prepared strip ad = 
- many sections of the main river and for some of the tributaries. | : 
‘Under Mr. -Morgan’s” direction, studies were made of several mapping 
proposals and a program for complete topographic mapping in 
Ja with the USGS was decided upon. Although mapping operations were some- — 
what curtailed during World War Il, by 1950 about 85% of the valley had been — 
i. covered by topographic maps published on the scale of 1:24,000. re 
These topographic quadrangles have been used constantly by th the various | 
divisions of the TVA engaged in numerous activities within the basin. De 
 eussing the value topographic maps before the American Congress on 
“it impossible to exaggerate the value of high-grade 
topographic maps for the preliminary planning of water control projects — 
such as those of the TVA system. Most of the considerations that con- 
tribute toward the final selection of the dam sites and the degree of devel- * 
- 7 art opment are, of course, directly or indirectly dependent upon the available en 
bi 
Hea also said that in the case of highway relocations, tremendous savings were 4 


> "effected by the woo of these maps. Locations were plotted on the maps from 


malaria control, forest resource inv vestigations, watershed protection ‘planning, 
recreational development, general management of reservoir areas, , and the 
uses, the topographic maps are available for the operation 1 of existing projects — op 
and the planning of all future TVA development. 
| 
. are a sizable topographic mapping program is contemplated for the 


ue equate programs of topographic m mapping should | be initiated ‘throughout the 


WwW est to enable the sound and economic planning « of any nea develop- “4 a 


selection of industrial sites t to suit specific requirements. In addition to these 


River’ Basin, ‘topographic map coverage is sparse for the Pacific 
Northwest and for many other areas of great potential development . Ad- ll 
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‘sother for entire United States. The value of a mapping program 


a is in having accurate terrain information available when needed to wnpptite 
ee ‘The extensive mapping operations of the Geological Survey cover a broa 


,. territory throughout the forty-eight states, ‘Alaska, ‘Hawaii, and Puerto Rico. 

Map | preparation is a slow and painstaking | process, and the annual production — 
_ is limited to approximately 500 quadrangle sheets, or to an equivalent ground © 
+ area of 50, 000 sq miles. as would require fifty years to. complete the adequate 
mapping of the entire United States at this rate. i 
Be Government agencies and private individuals have condemned this slow 

a rate of Progress. ‘7 ] A coordinated assembly and careful analysis of basic data : 

a on n topography, geology, water, ,and soils prior to authorization of large og oe: 

: projects have been strongly recommended. Given the necessary personnel and _ vant 
4 equipment, an accelerated program of topographic ‘mapping would make cover- 

age of the unmapped and inadequately mapped areas of the ‘United States 


. This proposal would involve a considerable expansion of skilled personne 


and the manufacture of. additional equipment for the application of photo- — 
Mapping Standards—The Geological has adopted two publication 
scales for the standard topographic maps of the United States. — The larger « mes 
e scale of 1:24,000 is used for most urban areas and sections of major economic = 
pe importance, whereas areas of lesser importance are published on the scale of — 
1:62,500. ‘The demands of map users for the publication of ‘maps on the 7 
former scale have been increasing during the past several decades to meet — . 
their requirements for more detail and smaller contour intervals. ‘The use of __ 
this larger scale results in higher mapping costs per acre but produces maps oa ; 
- greater utility. _ Under ‘the proposed expanded program, about half of the © 
unmapped area of the continental United States would be covered by maps | 
in published on the 1:24,000 scale. a The remaining ha half o of the unmapped area and 
about a third of Alaska would be covered for map . publication on the scale of 
_1:62,500, and the rems‘ning two thirds of Alaska on the 1 :250, 000 scale. = 
The mapping schedule would be based on priorities” determined by an 
appraisal of the map ap requirements s of federal and state agencies and other map — 
7 users. Concurrent with the mapping of new areas, maps previously completed — 
would be e revised periodically to overcome obsolescence. ce. - After th the completion 


of the twenty year program, maps would be revised as necessary to maintain 


‘The estimated cost of this topographic mapping averages twenty-five 
cents per acre. _ With ‘about three fourths of the United States to be mapped, hy 
_ the estimated cost of a twenty-year mapping program would be between four e =, BS 
Bes hundred and five hundred million dollars. This is only a fraction of 1% of the — tae mo f 
ze total estimated cost of anticipated federal and state construction and develop- — 
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NATIONAL TOPOGRAPHIC MAPPING 


Many ine incidental benefits would be realized through full activeticll a an 
expanded topographic mapping program. Aerial photographs would be 
*~ available in broad areas a year or two before completion of the maps, ‘and a 


those photographs would often serve the immediate critical needs of many & 
agencies and individuals. Copies of the original large-scale map 


ree 


Other by- y-products of topographic mapping are the geodetic control and gel general 
geographic knowledge garnered during field surveys and editorial processing. 


be = One of the greatest needs, commonly recognized by government and public 4 : 


This is available to the general public iblie j | 


as wel as to federal and state agencies. ne 


USGS, which is the principal mapping agency of the federal 

” ‘ment, has received strong endorsement for the expansion of the national — 

mapping program from the Conference of State Governors, the Inter- Agency 
hi River Basin Committee, the Bureau of Public Roads, the United States ‘Army, 

and many other er public organizations s and interested groups. Critical evalua- 4 


+a tion a the nation’s mapping needs and establishneset of a logical, compre- 


“Geological is to p pursue vigorously y whatever mapping 
tions may be required of it. 


a 
a i and on the status of current and planned mapping operations. The Map oa 
Office off the Ge 
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SCHMIDT ON NATIONAL TOPOGRAPHIC MAPPING 


0. Scumipr, M. ASCE. —The brevity of this paper is in 


for world-wide struggles and the use of military strategies geared to the avail- ey 


ability of reliable maps and charts. Although maps play a vital role in the 
conservation of natural resources are indispensable in modern warfare, 
a he the national mapping program still limps. _ The author might have scored the BS 
_ Congresses following the passage of the lamentable Temple Act for not cine 
ita workable piece of legislation. Other abortive ventures such as 3s the Hayden- 
It would be difficult for many engineers to understand why the plan pro- 
- posed i in 1951, calling for the completion of the topographic atlas of the a 
States in a 20-yr period ¢ at an 1 annual ¢ cost of $25,000,000, may al also prove 
fiasco. Such a calamity c. can be prevented by telling the story of map » needs to ta “ 
Congress in vivid language that the lawmakers understand. 
must | be convinced that the implementation of a surveying and ‘Mapping 
program (that will cost no more than one aircraft carrier a year) may bring to et 
the military establishment data vitally needed for the defense of the Great i 
Lakes Region and other areas of ‘the United States. Such implementation ‘ 
would also prov vide a , topographic map base of incalculable value for the peace- 
time planning needs of city, state, and the nation. 
Engineers have long berated the legislative bodies for their indifference - 
supporting national mapping programs. Furthermore, the apathy of 
the general public. has added to the disinterest ¢ of the solons. ‘The engineering & fh 
profession must strive as earnestly for legislative championing of mapping as > i 


medical profession attacked plans for socialized medicine. The mysteries 


of topographic s: sy rmbolization of the typical map must be translated so that a * 


hp is seen as a document of great worth. It can become a tool of vast wn A PP 7 
and make possible more efficient planning : and use of of the nation’ s resources. 

element of a sound mapping program must be an assurance that 
support will continue. “Otherwise, normal obsolescence will makethe 
sporadic mapping program useless. Furthermore, the program should” be 
entirely federal because the disinterest of some strategically situated state 
might cause that area to become the nation’s Achilles’ heel. 


that improvements in and equipment that are 
concomitants of inereased mapping activity will effect a lowering of unit costs 


pride 
more and cheaper mapping processes. AB 3 


4 


il: 
aide 
be 
and 
lany 
— 

— 
— 
— 
des — 
— 
| Bra single area and for lack of state funds hazard the security « — 
J lee ate funds hazard the security of the United a 
F | 
a — 


KRYNINE “ON NATIONAL ‘TOPOGRAPHIC 
c Shees are invaluable to the federal agencies and through them to , 150, 000, 000 my 
= Americans and their allies to the north and south. i Toleration of cartographic | & 
_ programs falling below the level of a 20-yr project is s economically indefen- 
sible and morally derelict in case of war on American soil. The task of con- e i 


vineing Congress and legislatures of the need for accelerated ‘mapping 


4 engineering groups and the military to persuade lr logically and a 
s lessly to , extend modest but continued financial help to we enterprise vital to 
matter has been brought to the attention of the engineering profession by the 
author of this paper. 3 Ata a time Ww hen life « expectancy has risen considerably 


canals). The railroad location era is practicaly over in the United States, but ae 


the old railroad men should remember with gratitude the help received -“e the — ‘a 
The writer wishes to emphasize the necessity of all 
maps with grid sy stems. Engineers need maps on larger scales, referred 
orthogonal axes of “coordinates “for co convenience in ‘measurements. ae grid 
- consists of two sets of porn lines intersecting at right angles to form a netw on 
consisting of squares. This grid is applied to plane areas that, for mapping 
purposes, replace a actual areas at the earth’ surface. . This: replacement, though 
i _ made according to certain rules, involves some distortion that may be considered — 
co negligible so far as the length of the lines and the angles made by them are con- 
tie cerned. The side of a square of the grid may be as large as 3000 yd or as small s 
as 1000 ft. The z-coordinates increase in the west-east direction, and the y-co- 
ordinate i in the south-north direction (mnemonic rule “read right up”). feo 
There are ‘several s systems of grids. The United States military grid system 
 liihitaa the continental United States into seven zones labeled from A to G 
a. in the east-west direction. Thus, the State of Connecticut is located within the | 
whereas California is located mostly within the ¢ G-zone. _ The world | 
i grid, as the writer ‘understands, is practically an extension of the United States 
and British military grid systems. The state coordinate systems*® are based ; 
on the fact that i in a strip of the sath 158 statute 1 miles wide (counting along a 4 + 


= meridian) the difference in length between the actual or geodetic length of ¥: 


7 in 


Maps and Air Photographs: Their Use and Interpretation,” by Armin K. Lobeck ant 
1944. 


i Wentworth J. Tellington, McGraw-Hill Book Co., Inc., New York, N. Y., 
ere * “The State Coordinate Systems,” by H. C. Mitchell and L. G. niet Sots Publication No. 235, 
_ U.8. Coast and Geodetic Survey, Govt. Printing Office, Washington, D. C., 194 > 


* “Use of State Plane Coordinates in Route Surveying,” by H. 8. Coast and Geodetic. 


} 
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| 
there are quite & few living and Stl active engineers approximately ot the same 
age as the United States Geological Survey (USGS) who saw the adventure of 
the development of topographic mapping by the USGS in the United 
7 the pontinuous nrocress in the nranaration of mans and their increasing yeeful, 
— : 
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bs ‘mating 158 statute miles i in the south-1 north direction. In this connection, 
California has seven grid: areas and Connecticut. only « one. The state grids are ie 
, being introduced in various states by legislative enactment. = 
em Besides the USGS, the United States Coast and Geodetic Survey (USCGS) is. as 
active in the preparation n of the topographic maps. _ It establishes the primary > F 
vertical and horizontal control nets which, afterward, are subdivided into — 
a ~ order and fourth-order control nets by the USGS. Topographic maps based on 
the United vere military grids are prepared by the Conga of Engineers. . On 


well drawn, their condition is recorded. Vie 


interested in shore and harbor structures have to consult ‘ 


Coasts, and also Alaska, Puerto Rico, Hawaii, and the Islands. 
if These charts are conveniently drawn on decimal scales 
_ Air photos are very useful in engineering practice, as the author of the p paper _ 


i prepared by the USCGS. 10 These charts cover r the Atlantic, Gulf, and Pacific 7 | 


€ In general, however, air photos are not, and will not be, competing with topo- 


also states, and in many occasions they are preferable to topographic maps. ay 7 


graphic n maps; they simply complement | them. An analogy i in the field of ae. 
transportation is the role of railroads that are still very useful in the country’ 8 a es a 
eoonomies, but are complemented by the highway and aircraft traffic. 
oye The « writer is far from being a specialist in mapping, but he is a user of maps ' ore 
_ to a considerable extent, and this discussion should be considered as an expres- 
_ sion 0 of the opinion | of a a rank- and- file engineer who greatly appreciates t the work = i 
of the USGS along. these and other lines. _ 
E. WraTHer —tThe writer is ‘naturally in full agreement with Mr. 
- Krynine i in believing that national topographic mapping is important to the fat 


efficient use of natural resources and to the logical planning of engineering» 


a ai Mapping of large areas on the surface of the earth is referred most con-— 

-veniently to the basic geographic system in terms of latitude and longitude; 

so, from the beginning of organized mapping efforts many years ago, ee 
topographic quadrangle maps that are units of the national mapping system 
have been framed within evenly spaced meridians and parallels. This is a 


hse 


4 


Although the same geographic reference system is 0 satisfactory to many 


‘projects. To meet such ‘requirements the two systems 


by Mr. Krynine were developed by the USCGS. The “Grid con al 
_ Progressive Maps in the United States,” in yards, was primarily for military 
— . It has been superseded by the “Universal Transverse Mercator” (UTM) 
atid, in meters, which was adopted in 1947. The “State Coordinate Systems, 


10 Catalog o of Nautical Ghosteen and Related Publications, U. 8. Coast and Geodetic Survey, Serial No. — 
665 (Nautical Charts, Tidal Current Charts, Coast Pilots, Tide Tables, Current saan October, 1949. 


MDirector, U.S. Geological Washington, D. C. 
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ON NATIONAL TOPOGRAPHIC MAPPING» 


he « convenience of loc project 


grid, in meters, is now indicated only on military editions, and is for the — 
state grids, in feet, are shown only on the maps for civilian use. WT. arti fo opal Lo 
4 


_ Mr. Schmidt is quite right in his | statement that a national mapping pro- 

‘gram cannot be executed properly and economically without a stable long- 

_ ‘Fange plan for financing such work. The Temple Act was workable legislation, — a 
a the mapping program it authorized failed to become a reality because én = 

“hee _ In fairness to the government agencies charged with the responsibility of 
proposing and defining the mapping program, and the Congress which must — Pas 
consider the proposals and appropriate the funds, it should be stated that 
Since World War II significant progress has been made. Funds nave increased 


pre rate of progress, not suficiont this before, 
is within striking distance of that goal. nah 
“a ‘The existing national em emergency has had the effect of stimulating the pro- 
gram in some respects, but it has also retarded progress somewhat because of ; 
_ the necessity of utilizing considerable capacity in the preparation of ms maps and — 
charts covering foreign areas. At the present time, the military continues q 
_ to support strongly an expanded mapping program and, if the engineering 
Groups | throughout the United States would consolidate ‘their i interests" into- 
an equally specific indication of their needs, a mapping | program of the s scope 
and magnitude needed to provide adequate topographic map coverage for the ed 
United States and its territories would soon be belaunched. < 


maps, so that anyone who | so desires | draw the grid] lines across the map he 
is using. ‘The “ticks” for | the state coordinate s systems ay appear on the civil | 
aa of practically all new quadrangle maps published by the USGS dines F 
1942, and on reprints of many older maps. i? The military grid, in in yards, was 4 

generally. indicated on maps published 1925 to 1941. The new military q 
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RECTIFICATION OF THE PAPALOAPAN RIVER 

bilan By REYNALDO SCHEGAT 


anp Reyn ALDO ScHeca 


order to “ihe: of the fertile lands alon 
ia f the Papaloapan River, State of Veracruz (Ver.), Mex., the Papaloapan River 
_ Commission has undertaken a project to effect a lowering of flood stages by | 
= cutting off the worst bends of this meandering river. This | project is to aa 
ia supplemented eventually with flood-water storage on the tr ibutaries for the dual 
_ purpose of flood control and the generation of electric energy. = The rectification 
program, as regards procedure, is similar to that adopted on the lower Missis- - 
_sippi River.? Only pilot cuts have been excavated, and the final enlargement of 
_ these cuts, together w ith the closure of the abandoned river channels, is left to 
- the river to accomplish. Six cutoffs ‘in the process of development will shorten 
the 120-mile stretch of river 34 miles. — When fully developed, the lowering. ao 
i: flood stage | is conservatively estimated to range from 1.5 ft at the head of the - 
- tidal reach, increasing upstreamward toa reduction of as much as 6 ft where ae 
of the Santo Domingo and Tonto rivers forms the Papaloapan 


River. stage lowering approximating this magnitude was actually accom-— 


THE LOAPAN RIVE AT 


General Features —The Papaloapan is a river which ranks 
the largest five rivers of Mexico. It drains a 17,390 sq mile watershed (2.3% at 


of the total area of Mexico), largely mountainous, with headwaters descending 


from altitudes higher than 9,000 ft. The river empties into the Gulf of Mexico _ 
BS near Alvarado, Ver. Precipitation on the watershed ranges froma minimumof _ 


those in effect when the paper or discussion was received for publication. thee a,| 
Chf. Executive Engr., Papaloapan Commission, Cuidad Aleman, Ver., swt 
“Mississippi River Gerard H. Matthes, Vol. 113 
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50 508 PAPALOAPAN RIVER 
15 in. Ee te in the arid easterly portion to a maximum of 100 in. ‘per year in 
— the mountainous areas of the interior, the gross average being 60 in. annually. — 
_ ‘The main stem which is formed by the confluence of the Tonto and Santo 
Domingo r rivers takes a tortuous northeasterly ‘course 120 miles in length 
* _ through a wide alluvial valley discharging first into the Laguna de Alvarado Z 
‘a and from the latter into the Gulf of Mexico. Complicating the flood problem, 
two important tributaries from the southeastern pa part of the watershed discharge a. 
into the Papaloapan River a short distance before it reaches the Laguna. q 


- i. _ These are the Rio Tesechoacan and the Rio San Juan, which drain 2,040 sq 
7 es - miles and 3,950 sq miles, respectively. - From the west the Rio Blanco, with a 


_ drainage area of 1,060 sq miles, also empties into the lagoon. = _ ae 


_ The valley of the Papaloapan is noted for its fertile soil, important crops = 
being sugar cane, pineapples, oranges, and bananas. Several sugar mills and ., 
refineries and several canning factories are located along the banks. the 
- Papaloapan is navigable for light-draft river craft for 144 miles except during a 
extreme low stages, when the crossing bars in the upper reaches afford less than _ F 
3-ft draft. Below Cosamaloapan, Ver. (mile 62) the river is deep, and tow- a 
boats hauling strings of six to eight barges laden with sugar cane can navigate. ay 
e Above Alvarado the e channel is tidal for 44 miles to Amatlan, Ver., and tides or 
continue to be felt as far upstream | as ‘Cosamaloapan. Beyo: ond this point the 
channel becomes a succession of deep bends with shallow 


3 reach to 1.0 ft per mile at mile 115, where the river - bed attains an elevation of 2 


16.5 5 ft ; above mean sea level. | The river bed at this point is composed of coarse — 
- gravel and cobblestones. M3 The principal tributaries, the Tonto, Valle Nacional, : 
and Santo Domingo rivers, are typical mountain streams. 
_ Discharge Records.—At the time the project was first conceived little 
known concerning the river’s discharge. A gaging station had been established — a) 
in 1947 at Papaloapan, Ver. (mile 115), where the river is crossed by a steel My 
_ railroad bridge. The first gagings were made i in May, 1947, and a continuous 
accurate discharge record has: been kept. the absence of any river survey, 
an aerial photographie m: mosaic, prepared by the Compania Mexicana Aerofoto 2 
at a scale of 1: :20, 000, has proved of great assistance in planning the location © Be 
of the cutofis. _ ‘High-ws -water marks preserved at a number of points along tl the = 
river were utilized in the preparation of flood fis 


hydrographs of the gaging station at Papaloapan show the runoff from 


_ the watershed to have two well- -defined periods, one of moderate or low flow a 


(which begins usually in October and ends about the middle of May), anda high- 
o water season, which extends from the middle of May to the last of Sens 
and sometimes into October. During the calendar year 1947 the total volume __ 

_ passing the gaging station at Papaloapan amounted to 13,196,520 acre-ft. If * 
the runoff from the lower watershed is added, the total discharge at the river — 
: ‘mouth for 1947 is estimated to be 24,300, 000. acre-ft or 1,380 acre-ft per sq mile 
- = of drainage area. This is equivalent to an average depth of runoff of 26 in. 
‘The runoff for the years 1948 and 1949 was 13,263,000 scre-ft anit 9,177, 000 ¥ 


— 
= 
— 
— 
— 
a 
| 
- 
a 
&g 
— 
— 


PAPALOAPAN 


= of marginal lands between the towns of Papaloapan | and Amatlan is a ,common — 
e occurrence. Damage so caused is estimated at some 5 million pesos annually. 

j - Historic floods of catastrophic proportions have occurred in 1552, 1604, 1714, 
and 1888, causing widespread loss of life. ~ Recent ‘great floods of this type bs 
‘5 occurred in September, 1944, and October, 1950, and had maximum discharges — 


of 140, 000 cu ft per sec and larger occur almost every: year, overflow 


“TABLE 1. —PAPALOAPAN RIVER Fioop Feet 


Elevation of Elevation of 
flood crest Estimated 


Depth of water| reduction® 
on bank 


Alvarado, Ver.. 
Tiacotalpan, Ver.. 

San Miguel, Ver 
Amatlan, Ver. 

San Cristobal, Ver... . 
Cosamaloapan, Ver.. . 
Chacaltianguis, Ver... 
Tuxtilla, Ver......... 
Novillero, Ver. 
Tiacojalpan, Ver... .. 
Otatitlan, Ver. 
Papaloapan, Ver..... ‘ 


eel | Tuxtepec,? Oaxaca.. 


BORA HNO NI 


SSB 


QNN 


_* Zero point for river miles is at Port of Alvarado. » Reduction of 1947 flood level after 3 yr cutoff operation. on. ‘ 
to averaged a is to Domingo Ri er. Sit 


Table 1 the above mean sea sea level of recent flood crests at the 
"various towns. The: average depth « of water on the river banks is shown for fe 2 
flood of 1944, in which the maximum ¢ discharge | exceeded | 200,000 « cu f ft per sec. ee 
OW ithin the towns, which are built on ground that is somewhat lower than the 
tops of banks, the depth of flooding was a foot or more greater. The town of 
-Cosamaloapan escaped inundation in 1950 ) owing to levee protection. In the 
last column of the table are shown the highest stages registered during the flood 
‘ of October, 1950, when the maximum discharge, as measured at the e Papaloapan — 
‘ - gaging station, was 220,000 cu ft per sec. Each flood season produces, as a rule, 
q a succession of sudden stage rises at intervals of ten to twenty di days followed by 3 
equally rapid subsidences. These rises decline toward the end of the flo od 


Season but recur charaeteristically i in minor way during the low- water season. 
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ly. "Phe discharge capacity of the river channel below the confluence of the 
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area. These caused great material damage with loss of life and created unsani- 
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THE PAPALOAPAN RIVER Prosect 


4 a the affected region, declared it essential to the public welfar e that measures 
for flood protection be instituted. He placed the planning and execution of the ; 


with an organization and technical staff capable of the 
work. General Camacho’s successor in office, Pres. Miguel Aleman, ex- 
4 panded this organization into the present Ministry of Hydraulic Resources — 
(Secretaria | de Recursos Hidraulicos) headed by Adolfo Orive Alba, M. "ASCE, i 
= secretary, y, whom he also ap appointed president of the Commission of the Papal- 
Oapan, created by presidential decree in April, 1947. he writer was placed in 


=—— 


‘The project as conceived, is comprehensive. a It i is aimed not only at food 


_ including public water supplies and sanitation, the generation and transmission — » 
of electric energy by means of hydroelectric plants at high dams on the trib- a: 
a a ‘utaries, the building of highways and bridges, the improvement of agriculture, 
“ae - and the general betterment of the standard of living of the people within this — < 
region. The Papaloapan Commission operates under the general direction 
i of the Ministry of Hydraulic Resources and has the administrative and technical 4 


_ levees. This has since been remedied i in part by building an embankment for a c 
pay the river. Thiser embankment, although no not of great height, 


Organization.—The catastrophic flood o was Of such magnitude that | 
| 
— 

= 

—— 
4 struction of Levees.—Frior to 1Y¥oU a vast expanse OI agricultural lowland 

— — 
: 


RIVER 


‘Ther ‘extends full | ngth of the valley, 
_ Aleman, Novillero , Cosamaloapan, San Cristobal, Amatlan, San Miguel, and © 
Tlacotalpan. This road is visible in Fig. lon the far ‘side of the river 


_ Otatitlan Cutoff. Built on one side of the river only, the presence of this Ca 


- aaibvatiieneiss did not increase flood heights to any marked extent during the 
= flood of October, 1950. _ Itd did, however, save the important town 0 of 
a Cosamaloapan from being flooded on that occasion. It is realized that a similar 
- embankment on the east side of the river would, through confinement of flood | 
flow, inevitably create increased flood stages, as is” the | ease in the lower 
_ Mississippi River. Therefore, it is planned to defer further levee construction 
_ until after flood-water storage on the upper tributaries has been completed in " 
connection with hydroelectric development. _A number of dam and reservoir 
- sites has been investigated on all the | principal tributaries, ‘including those 
- tributaries emptying into the lower reaches of the main river, and construction — 
is under way on a dam at Temazcal (Ver.) on the Rio Tonto. - This stream was 
a 1 principal contributor to the flood of October, 1950, with a discharge of 107 = 


A 


JO 


St. ‘se. Domingo 8. 
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ECTIFICATION OF THE PAPALOAPAN 1 


rs Planning the Cutoffs —Inasmuch as peer building i is time consuming, attent ion 


_ was 3 given to! river r rectification and levee construction as early as possible as a 


breneyaeignened the advantage to be achieved by use of the pilot cut method, — 
reduction could be realized ved 
Bb before the pilot cuts developed into full-sized river channels. | Accordingly, on 
- November 8, 1947, | a plan for a rectification project was submitted to the 


interests. of the valley. in the case of the Mississippi River, bi had 


dz 


7 Papaloapan River Commission. This plan contemplated ‘a series of seven 


3 ? cutoffs spaced to eliminate excessive curvature yet without straightening the — 
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River Commission), after detailed and study both in the 
field and at the office, approved the p plan, indicating certain modifications i in- 
tended to increase the stability of the future channel alinement as well as a> 
q - promote proper automatic enlargement of the ‘pilot cuts cuts through t the scouring © 
Referring to the map, Fig. 2, the seven cutoffs were located and named as 
shown i in Table 2. Except ‘Tesechoacan, which was named for the tributary 
a by that name, the cutoffs were named for the towns nearest to them. 8 


7 


— 


7 


total length of 38.9 miles of river bends was thus to be eliminated, ‘consti- 
tuting a net shortening of 33. miles since the aggregate length of the cutoff 


TABLE 2 2. —PapPato APAN RIVER Cororrs - 


Tlacojalpan. 


es As originally iat the ‘pilot cuts were to have bottom widths of 50° 
meters (164 ft) except the  Tesechoacan C Cutoff, the tidal section of 
= river that was to be m made 100 meters (328 ft) wide. — The w widening ¢ of “<i 
pilot cuts: and their eventual enlargement t to the full | width and depth of the 


“s ewe were to be left to the natural forces of the r riv er. The e river’ s flow w was 


"banks of the cuts, an of erosion at 1,300 


cu yd, making a total of about 17,000,000 cu yd to be moved by the river in the = 7 
7 course of time. This time element could not be estimated since it was dependent — + ao 
only on the magnitude and d frequency of floods but also on the difference of 
— was estimated that, after the first three years of operation of the pilot By, y 


7 cuts, the height « of a flood sett to that of 1947 w ould be lowered as indicated in aa Ss 
Comparison of the elevations of 1950 with those of 1944 in Table 
1 reveals a cumulative increase in flood-height reduction at the upper river 
stations due to the cutofis. . How ever, at points below Cosamaloapan no com- a 


— 


‘Parison is practicable because of tides and flood inflow from the lower tributaries. a 
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a Bids for cutoff construction were invited in the late winter of 1947-1948 dur- 
the low-water season. All bids presented had to be rejected, as is none’of the 


contractors was able to meet the time limit imposed by the beginning of high nae 


_ 


ats 

. 3 1 LooxkING West Fires 


water in the latter | of The were strict in to 
of completing all excavation before the advent of f the flood season 
# because failure to do so meant the ruin by y flood flow of any ‘uncompleted pilot ie 
cuts with small prospect of repairing the damage except at considerable expense. __ . 

_ Moreover, the difficulties involved in getting equipment to the sites of the work — 
meant a serious loss of time. Owing to the urgency of getting the work started 

ir Be a contract was let to a company operating near the town of Cosamaloapan for 
? 7 the excavation of the pilot cut for Corte (Cutoff) Cosamaloapan No. 1 with | 
reduced dimensions (Fig. 3). It was felt that this plan would be advantageous | 
by affording an opportunity to observe the functioning of this pilot cut during 
high- water season, thereby utilizing it as a for further 


ck 


te 


(65.6 ft) bottom | width, with side of 1:1 and ‘bottom m elevation 6.56 ft 
below: mean sea level, in the time eremaining. W ork was begun April 20, 1948, — 
and 27 of the same excavation n equaled : 207, 300 cu yd. 
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PAPALOAPAN RIVER 


: = <4 a the left bank eapaen the town of Cosamaloapan, where bank caving in 


previous years had destroyed several buildings, the need for excavating the 
: pilot cut for Corte iapcaesar gat No. 2 was felt to be ep _ This was a short a 


Ferra 


Name o of cute commenced Date finished 


© 


February 15, 1949 5, 1949 
April 20, 1948 | May 27,1948 | 
ay 14, 1948 June 17, 1948 
Cosamaloapan enlargement....| May 20, 1949 July 22, 1949 
Novillero April 28,1949 | June 21, 1949 
February 27, 1949 - June 14, 1949 | 
10, 1949 duly 18, 1949 | 
Rate of exchange at the time contracts were 


Cosamaloapan shore. A contractor offered to pilot: cut, using 
four tractors, four scrapers, and two bulldozers. His offer was accepted with a 


view of making enlargement with draglines a ata later date. . The total pri 


of this excavation was 66,900 cu yd. 


Tp 


| 


taken August 10, 1948, in the two Cosamaloapan. pilot cuts 
= that the bottom of cutoff No. 1 had been eroded Sassen 5 in an 
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PAPALOAPAN RIVER 


commencing at the downstream end for a of 1,150 
ft. - This. erosion equaled a depth of 10 ft bringing the bed ‘elevation to 16.5 ft_ = 
ews. mean sea level. Also, the cross section of the cutoff had been widened by e os 
5 meters (16. 4 rete in a fairly uniform manner, thus preserving the nr curving 7 y 


 alinem 


| Maximum | Minimum | Excavation | Totalcost 


1,189,802.01 | 214 © 
~"788'697.00 
153,215.25 
148,778.40 
498,329.28 
820,860.10 
| --§57,125.68 


was 8.65 pesos 


: 3 


= 


to have eroded its bed somewhat irregularly toa depth of about 1.51 ft, except at 


two. ends where bottom erosion had caused considerable deepening. Its” 


section had gained in width about 15 ft. 


_ Encouraged by the enlargement t that had taken place i in Pilot Cut No. 2, in 


Giles months’ time, the fact that no floods of any y magnitude had 
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= onnuneid (the largest, on July 2 22, had a peak discharge of of 76, 800 cu ft per - see), a do 
a a . _ it was decided to invite bids for the excavation of the remaining pilot cuts, “a pu 
ay cept for Cutoff Tuxtepec, whose construction was to be held i in abeyance ee C01 


ig Ss aa The bottom elevations i in the pilot « cuts | were planned to afford sufficient eo 


ON ovember 20, 1948, bids were advertised calling for excavation of the q oie 


ia for boats of 2-ft draft during the low-water season. = In the Tesechoacan cut the bs 
depth of excavation was purposely increased because the river, being tidal and 
having a mild slope, could not be depended upon to effect much erosion except, 
during major floods. ‘Fig. 4 shows the Tlacojalpan Cutoff during construction, — 


a the exe ss alee of the project the procedure a adhered to, as far as circum 


stances would permit, was to excavate the pilot cuts farthest downstream first 4 a 
and work progressively upstream. The principal advantage of tl this procedure 


3 that any lowering of the river level affected by the opening of one pilot a 


channel became at once transmitted with small loss to the site of the next pilot: 
cut upstream. _ The enlargement ¢ of the upstream cut was thereby accelerated, 
due to steepening of the river and swifter currents. Stage lowerings, therefore 


tended to be cumulative from pilot cut to pilot cut, diminished only by jefe 

Materials eroded from individual pilot cuts often entered the abandoned 
- channels of the cutoffs downstream and thus became permanently sidetracked % 
and disposed of. The remainder found no lodgment in this manner but continued 
downstream, sometimes building bars in the river. Upon entering a pilot cut 
the eroded material was invariably carried through and passed on the reaches 


The outlined procedure represented in no sense a rigid ee ‘nor did it 


limit the work of to one pilot cutatatime. However, by having the 
work advance in an upstream direction, the benefits described proved material 
— 


wal ‘Tesechoacan. —Tesechoacan 5) was by far the largest 


that planned. To handle this excavation with land machines, 
_ the contractor divided the job into two sections, separated | by a 49-f ft plug mid- 4 
Bas way, in addition to the end plugs. Utilizing two 2}-yd, one 1}-yd, and oe 3 
ss: $syd draglines, assisted by four bulldozers, and four 13-yd trucks, the contractor 
- started excavation simultaneously on both sections of the pilot cut, working i in Fs 
“the dry until : water level in the river was reached at El. 8.2 ft above mean sea y “a 
level, a fairly high stage. me He then concentrated all his equipment i in the lower | 


section and excavated it to grade (El. 14. ft mean sea level) keeping 
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down “seepage water by pumping into the upper anevetion with two Sin 
‘pumps. _ From this point pumps lifted the water into the river upstream. oo 


of the lower the equipment was transferred to the upper 


ond after excavating this section, the central two 
plugs were removed. ‘As may be noted from Table 3, the bottom elevation 
"was given no slope, being uniformly at El. — 14.8 ft mean sea leyel. The 4 a 
- being tidal at this point, it was permitted to establish its own feeble gradient. 


6 is an aerial view of the cutoff in operation during | the 1950 high-water St 


period. rf On the n near side of the river can be seen the road embankment that: “ 


acted as a levee to prevent flooding of adjacent lowland areas. 2” 


figs Other Cutof's.— —At the other cutoffs, the equipment and of procedure 


“were, with some variation, , essentially similar to those described for Cosamal- 
-oapan No. 1, except that in all cases final opening was effected by excavating 
the upsteram plug in its entirety. The dates of commencement and completion 
of excavation at each pilot cut, together w with the cost, are listed i in — “J 

DEVELOPMENT OF THE PILoT Cours 


“High \ river § stages constitute the chief agency that « effects the development 
P pilot cuts. ot Unfortunately, the high-water season of 1949 was lacking in pis 
_ high rates of runoff. . Consequently, the development of the two Cosamaloapan Ri f 
. pilot cuts (the only ones then built), although satisfactory, had been less than qs’ 
situation became reversed in 1950 a few months after 
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= et - gons swept down the river. Its magnitude, coming during the early stages of 
a these four pilot cuts, did not portend any good, and some damage \ was expected e 
to result. On the whole, however, the results were better than expected. The 
Ve, only harmful effects were a few sand and gravel bars built up in the river channel S 
* points betw een cutoffs. Formation of deposits of thiskind had been expected. Bi: 
n anticipation the procurement of a light-draft | cutterhead dredge for re 
‘The flood of October, 1950, effected considerable and sho deepen- 


a city’! had increased to approximately 10% ‘of tat of the river. ordinary 
oe... stages the abandoned : river bend: appeared to be blocked with sediment = 
= ie deposits immediately below the head of the cutoff channel, and the cutoff carries 
— pilot cut for Corte Tlacojalpan, next in order eenalitieiins ‘did not en 

no , large as much as at Otatitlan, owing to a tough, slow-to-erode, clay stratum at 
its mouth. The downstream portion of the cut passes through highly — 


sandy-s -silt soil and consequently | has been heavily eroded. The width at this 


point approaches that of the sriver. The p pilot cut for Corte Novillero (Fig. n 
hes developed satisfactorily along its upper half; the lower half has widened © 
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— sion there will necessarily De 
4 The two Cosamaloapan pilot cuts widened some 16 ft 
this widening over two thirds of its lower 


eroded somewhat irregularly. The pilot cut for Corte Tesechoacan, whi ch. 
_ been expected to enlarge very slowly owing to its location in the chad 


q portion of the : river, , Showed surprisingly good enlargement, gaining more than _ 

At the gaging at the flood peak of October, 1950, regis» 
_ tered 6.5 ft lower than the great flood of 1944. Since the maximum discharges — 7 
~ of these two floods are believed to be fairly comparable, reduction i in flood height | cae 
of about 6 ft appears to have taken place in the reach of the river above. Corte 
 Otatitlan. This: is in agreement with original estimates” for three-year pro- 

In general, the development of the cutoff project has been satisfactory ee 

regards over-all aspects, more particularly in respect to flood-stage lowerings 

as described. 2 Considering the s short time that has elapsed since the pilot cuts Bes 

:* were placed in operation, the project gives promise that it will justify its cost. & 

Tow 

x Successful completion of this project is ‘the. result of vigorous backing by 

‘President Aleman of Mexico. His foresighted p: policy ‘established ‘the com- 

prehensiveness of the project. The aerial photography that was. the basis 

for the actual construction was: done ‘the ‘Compania Mexicana Aerofoto. 

company. The 
= paper was written in Spanish iP eis translated into English by © 
ee Frank C. Carey, M. ASCE. Subsequent revision and rearrangement was made © 
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pox on ON ‘PAPALOAPAN RIVER 


Leo M. Opom,? —This paper is on one 
phase of the program of the Mexican national government’s Ministry of ‘s 
_ ‘Hydraulic Resources. The slightest acquaintance with the terrain and the “te 
economic development of Mexico indicates the forward step that the creation 2 
such national bureau with its specific duties constitutes. 
‘The recognition ‘by the federal government that major flood-control 
problems cannot be solved by local interests alone is recent in the United — i 
— States . Only in 1927, when the valley of the Mississippi River from Cairo, Fj 
Th, , to the Gulf of Mexico | was overwhelmed by a great flood, was the fed federal 
government forced to rec recognize ‘this fact. Les 
__In carrying out its programs for river control the Mexican government can 
3 no doubt profit greatly by application of procedures that have been developed _ 
_ However, each stream has to be treated indiv idually, 
and general ck tae must be carefully separated from particular develop- 
a: ments. _ The success of, adaptations will depend largely on the adequacy. and 
the interpretation of the data collected on each stream. 
_ The program for flood control on the Papaloapan River, as outlined in the ~ 
_ paper, consists of a levee along the left descending bank and a series of cutoffs 
patterned ‘somewhat | after those constructed i in the Mississippi River. on ime a 
_ ‘The levee, if of sufficient height and some, will probably be an unmixed — 
blessing to those who reside on the left bank. _ However, the statement that 
ie x this levee will not result in higher stages, although levees on both banks would 
so, appears illogical. The writer has never known of a case in whicha 
se levee | constructed along one bank did not result in increased flood heights. ‘ 
storage “capacity represented by the area protected by the levee is 
tracted from the available storage, and consequently gages goup. ~~ 
ae From the map (Fig. 2) and the description, the Papaloapan River looks 


alluvial streams running in beds composed of their own alluvium. 
‘The selection of a cutoff program as the ‘means of lowering flood heights, P 
4. # as successfully demonstrated by the system used on the Mississippi River, 4 
; i.’ is thus easily understood. _ If it operates successfully it will have advantages 


2 over a complete levee program. . The comparative ¢ costs were undoubtedly 


The fact that the ‘banks are than the land is t; 


ic Considering that practice on the ‘Mississippi River was used as a 

itis surprising that the program was commenced with such a small amount of 
engineering data. _ The Mississippi River Project was preceded by years of ¢ 
os study and by collection and analysis of a huge amount of specific d data str 4 
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ODOM ON -PAPALOAPAN | 
cutoff program. 1. Only thus was it possible to locate the cutoffs 


and to anticipate the s subsidiary work that would be required. 


Th subject of cutoffs on the Mississippi River was the source of argument 


- among well-known engineers for many years before these cutofis were under- = 
taken. The Mississippi River Commission finally w went ahead and made the 
cutoffs, and this construction has accomplished successfully the lower ering ng of the — xe a 
; flood plane between Memphis, Tenn., and Old River, La. However, a victory ae 
: such as this one does not necessarily mean that all the opposing ¢ arguments — 
were wrong. V alley storage has been lost, as the opponents forecasted, and 
valley dwellers below the latitude of the cutoffs would be in a worse position 
had not the discharge capacity of the ne Atchafalaya River 
enlarged under the same program, so as to divert a larger proportion on of the = 
_ flow of the Mississippi. The cutoffs have resulted in caving the banks both 
at places at which the directive was changed and in places at which velocities _ 
were increased. An unprecedented revetment program has been required es 
keep pace with this occurrence, the funds required being much greater than 
those that the opponents thought could be obtained. 
1% _ The argument that ‘navigation would be hindered (by the lowering of the ae 
plane and the deposition of ‘material scoured out of the cuts) w 
{ have been valid if a huge dredging program had not been carried on in con- - 
‘In the case of the Papaloapsn River, the cuts seem to have 
without the safeguards mentioned previously. . The pilot cuts have 
bee made and the report is is optimistic, , but it it is believed advisable to point out a 


; that the art of cutoff procedure ‘as dev eloped by H. B. _ Ferguson, 4M. . ASCE, mF 


includes a great deal more than merely making cutofis,§ ha 
‘The optimism expressed in the report as to the benefits already obtained | a 


from the cutoffs does not appear to the writer to be justified i in the light of aes 


js information presented. This information does not indicate to the writer : = : 
that the flood of 1950 was appreciably lowered. Certainly, it does not indicate — “ha 
of the 1950 flood was in the same category as the 1944 flood. im : a 
Gen The data given in the tables have been plotted in Fig. 8. The 1944 flood 

_ was well above the 1950 flood even at Tlacotalpan, Ver., and . Alvarado, Ver., i + 
; _ below the lowest cutoff, in which part of the river it weold be expected that a 
a — levels would be obtained after the | cutofis were made whan had existed 


- ful if the 1950 ) flood was as great as the 1947 flood. ‘Assuming that it it was in the — er. 
category of the 1947 flood, which is possible, based on the stages at Papaloapan, + ed og 
‘Ver., and Alvarado, it appears that the Otatitlan cut in a of 4 

variation ‘of the 1950 ‘profile o of the top « of the bank and from the p viniditin ae 

_ previous floods below Novillero, Ver., is probably more the result of the levee cs 

the cutoffs. It would appear from the data presented that the lower 

cuts have probably not yet enlarged sufficiently to have an appreciable 
effect on the and that the of damages to navigation and banks 


ASCE, Vol. 113, 1948, p. 3 3. 
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is admittedly still performed o on the rather | than 
the scientific, level. Advances in knowledge are slow, and great expenditures | 
are required to secure data adequate for the semblance of a scientific approach— 
expenditures which the artisan can frequently | point to as wasted. Compared ; 
- to other fields of engineering, the practitioner finds very few records in publicly — 
available literature to guide him. Itis, th therefore, of extraordinary importance 4 
that authors in this field present adequate data to support their conclusions. = 


Tt is to be hoped that 5 7 water will present such additional information i in 


60 


‘ 


1944 Flood 


3 


River Miles (Miles Above Alvarado, Ver.) 


_ The Mexican Ministry of Hydraulic Resources is only now entering the 


es field of flood d control that has occupied federal and state agencies in the United 

- States for many years. Among the few things the engineers in the United 
: ae States have learned are the necessity of adequate preliminary data, the necessity — 
S of having adequate funds in sight for the completion of an over-all ie 
v4 
; and a skeptical, rather than a an optimistic, viewpoint toward comparison of 


aren 


Sxuuits,* M. ASCE.—This paper is an able 


tion of how carefully planned pilot cuts and cutoffs lower the river bed and P 

“4 thereby increase flood capacity. As an example of river rectification it is a 4 
i much-needed contribution to the rather sparse supply of material on river 
engineering in the English language. paucity of literature prompts some a 
inquiry regarding the Papaloapan River Project, in the hope that in his closure 
= the author might add to the knowledge of of river behavior, = sos he 
~ = “a The immediate success of a series of cutoffs in keeping floods within banks _ 
8 or lowering flood stages is well known and well estabjished; yet a discussion 
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the long-term consequences of the Papaloapan r 
10 years hence, would be of great interest to river 


- eutoffis in the reach from Sandhofen to the Lauter River junction, executed © ie” 
1817 ‘and 1842, reducing the thalweg from a length of 1385 km (84 
miles) to 85 km (53 miles), or 37%. Upstream to Basel, the rectification was See ; 
~ accomplished by compelling the braided river to flow in a uniform bed. The a a 
entire correction caused a lowering of the bed in the e period from 1820 to 1925, HS : 
With the exception of a short geome 20 km (12 miles) long. Of cogent sig- 
: = years : of records, that the 250 miles of the Rhine River between Basel and 4 =e 
Bingen, Germany, had still not been stabilized in 1925, even some of the 
corrective works were then more than 60 years « ma time : 
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Low-Water Stage, in Meters 


1840 1860 1870 1880 "1910 1920 1920 1 ‘1940 
oF Low-Water StaGe ON THE Rutne River, GERMANY 


he aed In January, 1950, the writer inspected the Rhine River from Basel to 
. Breisach, Germany, and learned that the degradation had not yet stopped and 
.3 was progressing downstream. Xf This is evidenced by Figs. 9 and 10, used with 
7 the permission of A. Kirchgsessner, Minister of Agriculture of South Baden, 
Germany. Although 70 years passed before the degradation reached | Breisach, 
a damaging degradation had: been in progress there since 1890. The Breisach _ 
_ low-water stage in 1947 was 2 m (6. 6 ft) lower than i in 1828. This lowering of . 
low-s 
Schneider of the Freiburg. W aterw ays Office, Freiburg, 7 
a “gat Any apparent stabilisation after rectification must be regarded with a wary - 
eye. > Mannheim on the Rhine River, degradation started in 1842 and 
continued to 1854, after. which ne no > change occurred till 1869. . From 1869» to 
a. 1874 the bed dropped further and then remained unchanged to 1887, and since © 


der Korrektion des Rheins zwischen Basel und Mannheim auf die Geschiebebewegung 
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then t there has 1825 was 1925 the 
low-water stage sank a total of 1.5 m (4.9 ft). This can be attributed primarily 
to the cutoffs and the interplay of their individual cycles of degradation: and — 
aggradation. Thus a steady-stage condition, even for 10 years, does not 
‘There seems to be evidence of similar degradation phenomena on the 
Mississippi River. According to Mr. Ferguson,’ between 1933 and 1937, 
a from Glasscock Cutoff to Arkansas City, Ark., the mean depth at low water 
increased 0.7 ft (3.2%), while at bank-full | stage it increased 28 ft (6.6%). 
This trend has persisted, as it was s true, 12 to 16 years after the opening of the — 
_ cutoffs in 1932-1933 that there had been a low-water lowering as well as a high- — 
_ water lowering; the over-all slopes in each case were steeper than the original — 
‘slopes before the cutoffs had been initiated; and the low- water plane for 150, 000 
cu ft per sec had been lowered 1 ft all of 10 ft 


4 


= 540 CuM oer Sec at 


Fia, 10- or Low-WaTER ‘Stace THE River, Gunuawr (1928 =Base) 
Tf one ac i 
then comparison | of the Rhine, Mississippi, and Papaloapan rivers is oe 
- warranted. fe The contrast between the two methods of correction ‘might be 
‘ expressed thus: On the Mississippi and Sapelanpen rivers excessive curvature 


~ _ valid point, therefore, might be raised that different physiographic conditions 
_ and methods of execution of the rectification do not allow pertinent inferences; 


- straightjacketed, perhaps unduly, into the desired rectified channel. The 


yet the very long record of the Rhine River and the short record of the Mis- 4 4 

~¢ _ sissippi River, both pointing to progressive and extensive channel lowering, _ 
inspire this question: What will be the effect, 25 to 100 years hence, of oe 2 

Papaloapan River rectification? Since this aspect has ‘surely been studied, a 

: the inclusion of the forecast and the basic calculations would be of great value 
toriverengineers. 


4 Ro * 1 “Effects of Mississippi River Cut-Offs,” by Harley B. Ferguson, Civil Engineering, Vol. 8, 1938, p. 826. 
“Mississippi River Cutoffs,” by Gerard H. Matthes, Transactions, ASCE, Vol. 113, 1948, p. 37. 
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Low Water Elevation, in Feet 
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a systems, forest growth, and agriculture and a reduction of flood silt deposits, 


SCHEGA ON PAPALOAPAN n> 


= 
upper Rhine region, near Breisach, some of the undesirable after- 


- maths of the depression of the river level are: A lowering of the ground-water a 


*. 4 table in Alsace, France, and Baden harmful to municipal ground-water supply _ 


4 


harmful to agriculture and forest growth, 
- Should it be true that rectification could cause such sustained degradation, ‘ 


4 


“the projected reservoirs on the tributaries might the lowering 


River Station, in Miles 
130 140 150 160 170 180 190 


Low Water 1947 


Low Water Elevation, in Meters 


Rheinweiler 
Breisach 


in 


—Muzzafarud Din of at the 
4 Michigan College ¢ of Mining and Technology at Houghton, assisted the aie 


the preparation of the illustrations, == 


- information as a proper basis for the . planning and e execution of a program nof F= 
river rectification is emphasized by Mr. Odom, who asks for more information — 
support of the conclusions. In the gradual development of Mexico it has 


= Engr. in Executive Charge, Works i in the Valley of Mexico, ay of Hydraulic Resources, Mexico , 9 
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Reynatpo importance of adequate data and engineering» 
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SCHEGA ON PAPALOAPAN RIVER _ 


“not been possible to collect. complete data of the rivers, particularly of the 


available for ‘ highly developed regions, such as the ‘Mississippi River region. 
Papaloapan data, collected from 1947 to 1950, are available in published 
‘The peak of the flood of 1947 was 159,000 cu ft per sec, which i is substan- 
tially less than the 220,000-cu-ft-per-sec peak of the 1950 flood. | The 1944 flood 
f was 353,000 cu ft per sec, as estimated from the high-water marks that couldbe 


Flow, Q, in Cubic Meters per Second 
_ C(Cubic Feet per Second, in Parentheses) 


June 14, 1949 


Tlacojalpan 
Noster 


‘ 


4 


identified. ‘The comparison between flood stages at Tlacotalpan and Alvarado 
2a is affected not only by the tides, but also (a) by the discharge of the Rio 
oS _ Blanco into the Laguna de Alv arado west ¢ of the Laguna, (b) by the | capacity 
= of the outlet of the Laguna de Alvarado to the sea, and (c) by the discharge | 
= ag of the tributary rivers, Tesechoacan and San Juan, into the lower Papaloapan. - 
effect of the cutoffs on the flood | stages is illustrated” i in Fig. 12. 


The complete flood-control program of the Papaloapan River will be a 


of as conditioned by the funds made available, 
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Boletin Hadrologico No. 1, Comision del Papaloapan, Secretaria de Recursos Hidréulicos. 


and contemplates the construction of ‘multiple-purpose dams on the river’s 
| = _ tributaries, with an aggregate capacity of 60% of the mean annual flow of en ; 
- q the river. 7 The left-bank levee, which also is the main highway ay along the river, — 
was located at some distance from the zone of the river attack at ies stage, 
3 for the purpose | of reducing the maintenance expenses. The drainage basin ee a Se 
of the Papaloapan River is not developed sufficiently to o justity expenditures ae 
. of the order that are justifiable in the lower Mississippi R: ver basin. One pe * 
_ multiple- -purpose dam useful for flood control with a capacity of 4, 864, 000 . 
, - acre-ft, on the Tonto River (which is one of the main tributaries of the Papa- 
loapan) is being built, and it is hoped will be completed early in 1953. | 
:« Mr. Shulits presents very interesting data on the behavior of the Rhine 


_ River, based on very long records, which show a sustained degradation in more 
Ms than 100 years. No forecast has been attempted of the effects of the cutoffson __ 
the Papaloapan River, 25 years to 100 years hence, or earlier. Such a forecast — 
q - would be uncertain considering the data available, as would be any forecast ih 
ny the effect on the bed load due to the construction of the reservoirs. Panay 
Bie. Large-scale river rectification of the few big rivers of the Southeast is new 
in Mexico, , and therefore, experience on this work is practically nonexistent. 
For this reason Aimerican | practice is ‘observed with much interest, and the 
‘Denefit of the experience gained on the Mississippi River has been seeiied 4 
in this early development, through Mr. Matthes. _ Observations will continue — 
and reports on the developments on the Papaloapan River will be made avail- 
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TR R AN NSACTION 


The problem of constructing and operating a water-retaining structure 


size on sand foundations is described in this paper. 


_ and several miles of earth dams and dikes, all founded on a deep bed of sand. 4 q : 
ae The concrete » structures were built adjacent to the river channel, and the 


river then was diverted tocomplete the earthdam. 


The spillway sections were the result of model te tests to produce a design 
that ‘would avoid ‘scouring of the downstream channel. _ The construction 
and details of these spillway sections are described and several typical draw- _ 

ings are given. Various necessary for successful operation | 


the project also a are described. a ie 


Project i is located on on River, 
near Necedah, Wis., about 33 miles north of the famous Wisconsin Dells a8 : 
_ shown in Fig. 1. Construction was started in August, 1947, and the first unit og 
put into operation under reduced head on . August 29, 1949. The reserv« oir 
ef was completely filled, and all units were operating in April, 1950. ==> 
i. _ The project is owned by the Wisconsin River Power Company, a company — 
_ formed by the Consolidated Water Power and Paper Company, Wisconsin = , 
Rapids (Wis.), the Wisconsin Public Service Company, Green Bay (Wis.), and 
i the Wi isconsin Power and Light Company, Madison (Wis. ). 4" 2 eg 
pri 
powerhouse and ‘spillway flanked by aporenimately 9 sullen of earth dams and 
dikes. The gross head is 42 ft with the reservoir at normal operating level — 
the full gate flow of 6,960 cu ft per sec through the units. The powerhouse 
—— four vertical, adjustable- blade Kaplan propeller turbines of 7,200 hp 


a _ Nore.—Published in July, 1951, as Proceedings-Separate No. 81. Paine and titles given exe te th 
in effect when the paper or discussion was received for 


1 Vice Harza Co., » Chicago, I. 
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. each at full gate, with . generators re rated at 6,250 kva, 0.8 ‘power f factor, thr 
| phase 60 cycle. The speed of the units is 163.6 rpm. 


The for the entire project consists of a bed of med ur 


‘sary to design all structures attempting to any ‘complete 


a cutoff for leakage and to use the sand for all the earth structures. _ The nearest 
_ suitable > material finer than sand was too far away to be used economically. _ 


Rapids 


Scole in miles Petenwell F Rocks 
Fie. LocaTIon Puss 
Typical grain size curves for the foundation A FR are shown in Fig. 3. Bre 
’ It can be seen that there are very few fines in this material, with the result 
that a considerable quantity of leakage had to be anticipated under the struc- 
tures and through the earth dams. Laboratory permeability tests made on 
this sand indicated permeability coefficients ranging fromk = 93 ft perdayto 
4 k = 555 ft per day for void ratios varying from 0.46 to 0.60, respectively, oF 


on The natural density of the sand in the spillway and powerhouse foundations — ra eX 
was: found to vary from 95 lb per cu fttoll2ibpercuft. = = 


SEMENT OF St 
Me General Construction.—The powerhouse and spillway were constructed on * 


‘the west bank of the river without encroaching on the normal river channel. | 


a 7 ‘This method of development saved the expense of elaborate cofferdams in the 

river and considerably the pumping problem construction. 
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All the ‘material excavated for the tailrace back to the normal river course was 


aed in the construction of the dams. Closure of the dam was made at the 
= Pats river section, while river diversion was accomplished by omitting the gravity 
b. (ogee) portion of the regulating bay of the spillway. Final closure was made by 
: Be putting stop logs in front of the regulating bay and completing the ogee athe: 
cr _ This plan of construction took full advantage of the sand foundations by 

permitting the powerhouse a1 and construction to proceed w without 

oy requiring any work to be done in the normal river channel until closure of the _ 4 


dam. The only cofferdams were an a inexpensive sand fill around the 


= in front of the powerhouse. . The latter cofferdam was necessary t to protect © 


Powerhouse work after diversion had been made because powerhouse 
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Paar. rofl hen the spillway was completed up to the crest level and the earth dams 

sufficient height, the river closure was made. This was done by building 
te the earth fills up on each side of the river and then bulldozing the fill into the 
i, river channel from each side to close the gap in the middle. Riprap i in sizes 
Ul to about 24 in. was used to aid in the initial closure made at the downstream | 
Es toe of the dam. _ About 2,000 to 3,000 cu yd of material, mostly sand, was: 
carried downstream, and this was almost the only extra cost involved. ‘The 
simplicity | of t the ‘entire pr procedure i is evident i in Fi Fig. 4, showing the vvanaons:S 
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channel, thus requiring expensive cofferdams and dam foundations in 


‘The scheme ¢ of building concrete structures away from the river channel, 


- with d the dam founded at the bench level, is relatively unique in the history of | a i 
hydro p power plants. re Usually the spillway and the powerhouse are built in the = 


e: and’ the sand foundations, was admirably suited to such @ a scheme, and the om | 


Underwatering.—Lowering the ground water in) the excavation (which 


_ eatended to a maximum depth of about 40 ) ft below river level) for the power- Bee ¥ 


house and spillway was accomplished by a series of deep gravel-wall wells at peal 


the deepest section of the river. This site, however, with the bend in the river and 


perimeter - of area, ‘supplemented by well in the 


—The earth dam structures consist of the main. 

_ Varying in in height from 40 ft to 58 ft above natural ground, and the east and Be 
_ west dikes, both less than 22 ft in height. Fig. 5 shows the main dam, provided mS 
_ with a toe drain to collect the seepage and prevent raveling of the toe. Because — 
of their lower heights, this feature was omitted from tt the dike structures. , 


‘The freeboard of the dams i is 5 ft above the n maximum reservoir level for the | 
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séparapet about 2 ft high is provided as additional w 4 
period when the wil] be surcharged to pass the maximum flood. — 


| PETENWELL HYDROELECTRIC PROJECT 
: layer of riprap varying | 
Ce in thickness from 1 5 ft to 2.5 ft, depending on the depth of water in front of | 
the dam. This riprap | is placed on a filter blanket of gravel 12 in. thick. 4 


extends to a berm at El. 127. 0, 3 ft below low water. The material used as” g 


2" tilter layer—-- 


5.—Cnose Section oF Mam Daw 


damage to the fill ‘during the period when the reservoir was 


= 
A 
Ob d Water Surf. 


wins 6.—Pressure Levers Main Daw Section veh | 

ah ‘Sand taken from areas adjacent to the structures was used to construct the 
ioe = dam and dikes. All borrow for the main dam was taken from areas a 


from the This was done i in onder not.to disturb the topsoil 
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riprap has a maximum dimension 0 in. and minimum of 4 in., and the Pita 
bles at matorial cradas fram ahoant No & siove to 2 in _ in tomnoar Vv 4 
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evident, whether or not was taken from the upstream side of 
6 The dam and dikes were constructed by placing material in layers oe 

_ thicker than 12 in. and compacting the material by routing the earth-moving 

~ equipment over the surface of the fill. _ Tests of the completed fill showed dry aS 
— ranging from 97 |b per cu ft to 120 lb per cu ft, with an average deen — 
of about 107 lb per cu ft. This method of constructing the dam and dikes 
satisfactory and i inexpensive. The gradation of the completed fill material 


Control of Leakage.— —After the diversion of the ‘Tiver through the spillway 
2 December, 1948, the water level in the reservoir rose to El. 105 and then ~ 


fluctuated | cas “re flow of the river until March, 1949, when the closure of 2 


M Because the structures were compacted to a density considerably higher than = i 


ydraulic 


high woter El 135 f 


FILTER DRAIN 


Flexible joint? ae = 10" half-round drain 


30° steel Continuous 


filter layer 


_ As was expected, considerable leakage daveleped through | and under the © 
By the latter: part of March, 1949, general seepage ~ ae 
and boils appeared i in a few places along the downstream toe of thedam. The — 
larger boils and those close to the toe of the dam were blanketed with filter ’ 


gravel to dissipate the flow and ‘permit drainage without movement of sand. 


natural, the leakage through them was a great deal less than that nei 2 


cProecT geo 583 
reduce leakage through the foundation. Materialforthedikes wastakenfrom 
sides of the structures, that on the upstream side being taken no closer 
7 135 ft from the dikes to leave come tonsoil to reduce seenave  Eynerienre 
It 3 
d 
in 
7 
— 
| 
a 
‘ome 
— 
| 
A spillway started. The pond was then raised to El. 117, the spillway crest, — KS a 
— rapidly as the river flow would permit, allowing a minimum discharge to _— _ 
2p the hydro plants downstream in operation. In May, 1949, the pond ald 
e to El. 120 and in October-to El. 125 (or 10 ft below the full reservoir level), 
q 
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We 


dines for two of these sections. can seen that the line is close 
= oe to that found from the flow net study of the cross section made prior to con- __ 
leakage through and under the dikes was collected in a ditch located 
_ 50 to 75 ft from the toe. Flow net studies prior to construction indicated a a: 
. total flow of about 108 cu ft per sec from the west dike, using an average coeffi fo 
cient of permeability of k = 210 ft. per day for both the structure and the aah 
_ foundaiions. ~ Measurements of the actual flow in the ditch indicated a flow ct 
“4 of about 76 cu ft per sec. This agreement is well within the accuracy of meas- a> 
¢ urement of “the constants and quantities involved, especially | because some of as 
the seepage passed under the ditch and, therefore, was not measured. The ag 
east dike leakage was estimated prior to construction to amount to about 3 
“a cu ft per sec, and measurements show an actual flow of about 24 cu ft per sec. it 


ee reservoir was raised to full height in the early spring of 1950, af 
considerable underground seepage developed outside of the original drainage — 
ditch at the toe of the dike. The land outside of the dike is very flat, conse a 
quently the underseep age raised the ground-water table to the surface, forming © - 
‘y shallow pools in low spots as far as a mile from the dike. To alleviate ~ 
_ condition, a second ditch was required, deeper than the original and located _ 
200 to 500 ft from the dike. This satisfactorily intercepted the 
and dried up the surrounding 
Spillway Construction. —The spillway contains 16 radial (tainter) 
each 30 ft long and 18 ft high, ‘designed to | pass a flood of 134,000 cu ft per sec 
at normal reservoir elevation (135 Petenwell Datum) and capable of passing» 
200,000 cu ft per sec with a 5-ft surcharge on the reservoir. The maximum eee 
_ flood of record at this point in the river is about 95,000 cu ft per sec, having a 
oeeurred in June, 1905. The drainage | area of the river above the project 
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type for the spillway (Fig. 7) utilizes the 

principle of the sloping apron to provide the hydraulic jump. The foundation — 
i of the ogee section is at a very high level, just a few feet below the natural E 

_ ground surface, with the sloping apron extending approximately 118 ft down- ¥. 
stream to an elevation of 63. 5, some 30 ft below the river level. — _ Comparisons Tay. 


on 


Headwater Tailwater gate 


“216000 


- with or without baffle blocks, showed considerable saving in favor of the sloping Bs 
apron design. Building the structure e away from the river permits the founda- 
tion 1 of the gravity section of the spillway to be about 10 ft higher than it would 

have been if built in the river bottom, with a considerable saving of concrete. — ane 
ts Ts series of model tests of the Petenwell spillway was carried out at the a 
Hydraulic Laboratories of the University of Wisconsin at Madison, Am model 
of a single bay was placed in a glass-walled flume, and tests were made with ak 


. 


0 Ft 


Guide Wall 
Both 


Gravel 
Underdrainage — 


Sheet Piling —— 


different lengths of apron, various sill shapes, and with and without baffles on 
the _Spron. scale Of this model was 1 to 25. The scour pattern with 


model. ‘Fig. 8 shows ‘the scour patterns observed for various gate openings. 4 

_ The scour was continuous during this test; that is, the gate was opened asmall  — 
. amount, and a }-hr run was made; then , without’ changing the sand configure- ; 
tion in n the model the further, and another ‘run was made. 
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36 HYDROELECTRIC PROJECT 


‘The test was continued in this way — ‘the gate was wide. open solids Se 
scour in the model had stabilized. _ Table 1 contains pertinent data on the test 
tl Fig. 8 shows the hydraulic action of this type of design. | The sloping bedi 
provides an increasing depth of tailwater as the overflow sheet proceeds 


will occur on the apron for all conditions of overflow and corresponding 
_ tailwater elevations. . The sill at the end of the apron deflects the water upw ard 

- and sets up a large ground roller wave that causes a strong upstream current. q 
along the bottom just downstream from the sill. This is the fundamental — ia 


es 


33 


4 ay 


The | current material against ast the sill 


oa the shape and height of the sill were determined at the model studies. PAs 3 
~ 4 Each of the models tested was operated for one run with the tailwater — 7 
4 corresponding to an elevation about 5 ft below the normal river elevation for — : 
» corresponding flow. This was done to insure that satisfactory operation 
-_ would be obtained if (a) the tailwater rating cur curve were not ot accurate and (6) 


= aa The spillway structure, as shoWn in Fig. 7, is founded directly on the sand, 


_ On @ concrete slab 4 ft thick with 4 of 1% continous reinforcing steel in both — 


directions. The reinforcement runs through all joints. The ogee monoliths 


downstream. The length of the apron required is such that the hydraulic 


resting on the foundation are 35 ft long, by a contraction 
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30 ft deep at its upstream edge. ' The downstream sloping apron is 
also monolithic with the slab under the ogee section and is provided with a 1 . 
- sheet pile cutoff 15 ft deep at its downstream edge. Sheet pile cutoffs are ane ie 
- provided at each end of the structures, thus completely confining the sand 
in the foundations . All slabs have continuous reinforcing of 0.5% in both a 
a _ The drainage provisions under the downstream sloping apron are of great a 
importance b it is that no pressure f from headwater | be permitted 


entire as shown in ‘Fig. . 7, designed to as a filter and prevent the 
foundation sand from being carried through. The leakage i into the filter 

collected in half-round spaced 17.5 ft on centers the bottom the 


_____Headwater~ 


Headwater Elevation, in Feet 


Observed. 
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Tailwater 
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apron slab and then goes into 2-ft by 6-ft drainage tunnel in ie toe of the 
o apron. This tunnel discharges i into the tailrace through openings in the train- 
The details of the joint between the ogee section and the upstream slab <= 
: are also shown in Fig. 7. This joint must remain watertight, otherwise the 
effect of the slab is lost entirely. The joint was sO ‘designed that a 
~ bearing | pressure exists at all times on the horizontal face. This pressure is a 
4 maximum before the water pressure acts against the ogee section and is reduced 
“a. when the water load comes on. However, the design maintained a residual a 
pressure of about 700 Ib per linear ft after all the water load was against the a 
s dam. A poured hot rubber-asphalt seal was also placed at the joint to to — ys 
F upstream, or heel, apron provides additional resistance sliding 
Bad of the structure. It is watertight, and, therefore, a net vertical force acts cn 
_ downward on the slab. bi This force is equal to the difference of the downward a 
a pressure 2 of the full head and the upward pressure under the slab, which ie 
aonare vely reduced i in the downstream direction n by friation loss in the founda- | 
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nd. The maximum calculated bearing pressure 
is about 2,500 Ib per sq ft, and the sliding factoris0.4. Bales 
_ The sand bed of the river is so erodible that the spillway gates in the main a a 
i section must all be opened at the same time and to an equal opening. ey 
this is not done, « eddies that would soon scour deep holes in the sand would 4 
. set up downstream from the spillway and jeopardize the safety of the __ 
. However, opening all the gates at once is not a satisfactory m method = 


Chain Pull at an On 
Pressure of 1000 Lb 
Sq In. = 24300 Lb 


ta 
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15. 73 ft 


11629 
4 a bale Fre. 12.—Deram oF Gare MECHANISM 
ee, of operation to pass flows only slightly in excess of the plant capacity. — 
; pare, or trash could not be passed through the dam since opening all gates wide 
, enough to do this would waste so much water. As a result of these factors — 
co it was decided to’ provide the necessary stilling basin for one gate so that it 
= be opened by itself. This bay is called the regulating bay, and the 
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4 extend the sloping apron farther out for the regulating bay than ‘for the ae 
- mainder of the spillway. It was also n necessary to confine the flow for a suffi- — 
cient distance so the major portion of the energy of the water is dissipated by ;: 
the time the water discharges to the sandy ri river bed. ‘The slope e of | the retaining — 
walls at the downstream edge causes a fanning out of the flow as it leaves the — 
z stilling basin and prevents undesirable eddies at the corners. The design 
of the regulating bay was also verified by model tests. Fig. 1 10 shows 3 the ae 
eontours of the scour pattern a as observed in the model tests. 
ae _ Diversion was carried out by omitting the ogee section of the regulating — 
iv bay and permitting the river to pass through this bay. During the ‘spring 
of 1949 a flow of more than 10,000 cu ft per sec was passed through this struc. ute 
ture. This is considerably more flow than the 8,000 cu ft per sec that can oa os ae 
_—~pass through the gate of this bay with the ogee section in place, and it was a i. ae a 


good | test of the prototype. The scour caused by this condition was panes a ‘ 
Superstructure= 


brick walls 


50 crane 


high woter el 


| scole 


s BS 
reinforcement, 12 
Sond 0.5 percent in 


4 by sounding and stinionhiee by a diver, and these contours are also shown — 

in Fig. 10. ‘Comparison of the contours” with the model test scour 
“a .. indicates the correlations between model and prototype to be satisfactory. = 
determine the actual water pressure under the spillway structure 

thus obtain information as to the adequacy of the upstream sheet piling 
cutoff and apron, well points were placed under the upstream slab at three 
sections of the structure. . Pipes 8 from th the well points s were brought: up in the : 
piers to permit easy sy observation. 11 shows the observed pressures 
one of these sections (the others were similar) for various reservoir elevations. | até 

= large pressure drop between headwater pressure and the first well ‘point 

(Point A on Fig. 11) shows that the sheet pile cutoff is functioning very well. be? Bs 

_ It should be noted that this pressure drop is greater than would be anticipated __ ” 

from a flow net drawn on the basis of a coefficient of permeability equal in ” he Be 


directions. It indicates the coefficient of in the 
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= = direction is smaller (less pervious) than in t the horizontal direction, a condition 
to be expected in an alluvial bed of sand. This condition also adds to the ; 
factor of f safety against aiding cult og py 
A novel gate hoist mechanism (Fig. 12) was used to insure uniform operation, 
of the 15 gates in the main spillway section. Each gate is raised by a pair of 
q ee hydraulic cylinders, all of which are operated from a single pumping system. 1 
& 4 The maximum stroke of the cylinders i is 18 in., resulting in a maximum lift « of ae 


® the gates of about 12 in. . The gates are dogged after being lifted 12 in., “a <a 
the hook is re-engaged to permit the next lift. operation takes 
b: 30 min for all gates. . The flow permitted by the first 1-ft opening of all gates _ 
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100 


| El 60.58 


14.—Pressure LEVELS IN SEcTION 
This hoisting system proved less than half as expensive as any other eystem a 
_ that would permit uniform opening of all the gates at the same time, and it 

op operating satisfactorily. Some adjustment of the valving was 
balance the system, but otherwise no difficulties have been experienced. Also 

_ the gates can be raised individually if conditions require. The gate on the 5 


g bay is operated by a conventional motor operated hoist. > a 


Fig. 18 shows a cross section of the ; powerhouse. ‘The same principles « of a 
- foundation design were applied in this structure as in the spillway. if continous 7 
slab reinforced with 0. 5% of steel in both directions forms the foundation. 
_ This foundation slab is integral with the spillway foundation slab, so in effect 
both structures are on @ continous mat that is bounded on all sides by steel 
sheet piling. The drainage provisions are shown on the section. ot 
ae. The powerhouse substructure and the intake represent a single monolith 


over 140 ft long without contraction joints. _ Shrinkage cracks v were held to a 
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minimum by reducing the size of pours and building eneate units ahead of . 
others. The intake bulkhead wall separating the generator room from head- 


_ water also contains 0.5% of steel in the horizontal direction. Its w: watertightness: 7 3 


has proved very satisfactory, j= | busi 
--Vertical-lift wheeled gates are provided for the intake. The gates are of 
all welded construction, and the wheels are equipped with roller bearings to ae 


a reduce hoisting effort and eliminate by-pass, or filler, valves. The trashracks ao 
of all welded construction are built in sections that are self supporting and can 2,t 


removed entirely, thus eliminating: any fixed submerged members i inacces- 


— 


Water pressure been taken under the powerhouse, similar 

_ to those for the spillway ai and main dam. i ‘The results of readings at a typical oo 
ge section are shown in Fig. 14. The large’ pressure drop caused by the sheet “a 
.~ 3 piling cutoff is clearly evidenced. Although the drainage provisions under 


the draft tube do not appear to be quite as effective as the drainage layer under ibe . 


_ the spillway apro apron, the pressures are well within the , design limits, and observa-_ 
¥ tions of the flow from the drains indicate they function adequately. —__ 
- In the case of a river flowing on sand as this one does, it was anticipated 
that the river levels below the dam would be lowered considerably after its com- <3 
yg pletion because the reservoir traps all the bed load in the river and a new bed 
Po load will be picked up by the river after passing the aaa . The turbines | are 
‘set low to provide for this anticipated degradation. ea 
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; ‘Settlement records of the spillway and powerhouse have shown that very — 
little, if any, § settlement has occurred. | The load spreading effect of the —- 2 

Ss reinforced continuous foundation slab combined with the relatively low bearing __ 
pressures would lead to ) expectations of only insignificant settlements. 
M3 An aerial view of the completed project in operation is given in Fig. 15. ioe By 


The construction’ and operation o of this project has shown that 
structures of considerable size can be built on sand on 

_ providing adequate precautions to confine the sand and to handle the under- — P a 

seepage are incorporated in the design. The successful performance of the ‘a =e 

pillway to date indicates that the sloping apron type of design: ec VG 

harmful erosion of the sand in the river bed at a relatively lo low cost. 


¢ The powerhouse 1 and spillway were » constructed by forces of the mee > 


iver Power Company under the direction of W. F. Thiele, Executive Vice : 
and Ralph . Kutchera, J. M. ASCE, ‘Project manager. 
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Arno T. Lenz, A. M. ASCE, of the University of Wisconsin directed the 
———— The Harza Engineering Company was the consulting engineer on this a 
— 


agi F. Harza,? M. . ASCE.—The paper sets forth the design and construction “a 
-. of a hydroelectric project on deep sand. This. design takes advantage of the | 


possibilities of convenience and economy offered by the sand foundation by 


J . Co mplete | construction of concrete spillway and powerhouse i ina a dragline . 
away from the river channel, thus avelding of a cofferdam and 
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3. Founding of the spillway at riverbank instead of river-bottom elevation 
only a sloping apron extending below river elevation. kak 
3. Complete omission of bearing piles because of the low unit foundation 

The use ofa a heel apron for the travel distance and 


4 


‘ load on it. This is a very inexpensive ‘means of accomplishing these two 


Be 6. Closure of the river by several bulldozers o on each side operating. on 
‘the sole principle of pushing sand into the river faster than the river could | 
carry it away in spite of several feet of fall through the gap (as shown in Fig. 4). — 
-. An attempt was made to dump loose rock ahead of the bulldozers as the work | 
_ progressed, but the amount used is believed to have been so minor a proportion oe = 


th d vol tohave had negligible value. j- 


The Petenwell Project is one of three applications of most of the foregoing ae 
_ principles by the writer’s firm and about the tenth example of the omission of 
_ beating piles under powerhouse and heavy structures on sand foundations. 
Dependence is “placed solely upon confining the foundation sand by sheet 
piling. these applications have proved successful. _ The 


would never, under any circumstances, omit bearing piles under 
structure on soft foundation or eliminate sheeting cutoff from any earth dam once 


E. Fucrx,? A. M. ASCE —The design of this project was 
= re by the nature of the sand foundation. The major features of this 
from this have been presented clearly by Mr. Harza,. 
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© sheet pile or other cutofis, on the theory that leakage is to be expected; 
providing for leakage in such a way as to make it harmless except as an 
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| 
major that cannot be readily checked observation i is G 
the erosion downstream from the spillway caused by floods passing over it. . 
During the spring of 1951, a flood of approximately 55, 000 cu ft per sec was 
passed over this spillway, requiring the gates to be raised about 6 ft. Although | 
_ this flood was considerably less than the capacity of the spillway at normal 1 
_ headwater elevation (135,000 cu ft per sec), the owners decided to check the $ 
conditions at the toe of the spillway after the flood by having adivermakea __ 
= thorough inspection. This inspection revealed no erosion along the length 


= the spillway, and the diver reported that the riprap downstream from the _ 


spillway was covered with enough sand to make walking very ea easy. R - This 
- jnformation, coupled with the extensive model tests which had been made on 3 : 


type of sloping would seem to indicate clearly the 1 
_ The closure operation, _ which was accomplished very simply, was the « cause 
ot some concern during the design stages of the project. Its successful accom-— 
plishment indicates that this method can be used whenever the head required 


- for diversion is small, when a considerable amount of equipment i is tu 
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BUCKLING STRESSES FOR FLAT PLATES 

By ELBRIDGE Z Z. STOWELL, HAI 


GE J. HEIMERL,? CHARLES 
LIBovE,* J. Mz ASCE, AND EUGENE E. LUNDQUIST,*. 


J. CHARLES Linove, AND E. 


a The results of extensive studies in the buckling of flat unstiffened plates — 


4 


are” 
a ‘surveyed i in this paper. The | presentation of a broad. perspective, , rather than a 
= detailed picture, is intended. Therefore only a few important loadings are; 
considered. For single plates, these loadings are compression, ‘Shear, and 


g combination, and for the integral flat-plate > sections, compression only. 
| 


_ The buckling stresses for various types of plate under these several ae 
are given in the form of a nondimensional chart for the elastic stress range. 


_ The use of the stress-strain curve to . calculate buckling stresses in in the plastic — 


range is explained. A correlation between buckling strength and maximum 


is shown fo for the integral flat-plate | sections. agreement 
‘shown between theory an 


id experiment in a few key cases. The theoretical 

experimental techniques underlying the buckling investigation are dis- 

The good agreement. shown between theory and experiment indicates 4 

»: present status of the problem of calculating flat-plate buckling strengths “a 


ome the entire range of stress is now satisfactory from an engineering viewpoint. 
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Nore.—Published in July, 1951, as Proceedings-Separate No. 77. and are 
effect when the paper or discussion was received for publication. 
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The use of of ‘thin- sheet ‘metal 


(= “lie been made in this field of engineering during and since World War II. ‘The 
. of thin-walled members in civil eng engineering structures makes such progress = 
rks of interest to civil engineers as well as to aeronautical engineers. The purpose — 
of this paper, therefore, is to bring part of the recent developments (mostly — 


=a" that part due to the Structures Research Division of the National Advisory 4 


a a: Ng Committee for Aeronautics (NACA)) more directly to the attention of the val 


The importance » of ‘knowing buckling stress lies i in the fact that ay al 
Bee wae the beginning of a radically different regime in the behavior of a 
_ structure. In an originally flat plate, buckling is the theoretically sudden ap 
pearance of small deflections perpendicular to the plane of the plate. 
4 practice, e, however, the slight initial deviations from flatness result in deflections 7 
from the beginning of loading which accelerate in growth as the theoretical — 
~ buckling load for the flat plate is approached. — _ The post-buckling regime is 
characterized by reduced stiffness and a wrinkling whose | physical (and some- 
ey times psychological) effects may be undesirable. The physical processes that 
4 eventually : lead to the failure of a plate are initiated at buckling, and for some . 
structures, a knowledge of the buckling stress is a key to the calculation of the - 
s =_— strength beyond buckling. Since buckling is not always equivalent — 


e plate to buckle and taking advantage of its post-buckling strength. In 4 


a i to failure, appreciable economies in design may often be effected by pS | 


a design, for example, standard practice frequently permits buckling 
ae, within the range of working stresses. The philosophy behind such design — 
is similar to the philosophy of limit "design proposed for civil 


of fat unetiffened and integral fat-plate sections (integral 
assemblies of such plates). ‘The objective of this paper is to convey a broad a 
perspective of the problem, rather than an exhaustive treatment. For this 4 
reason, only a . few important loading ec conditions are considered. * For single 
plates, these loadings are compression, shear, and combined compression oad a 
shear; for sections, only compression. buckling stresses for these cases 
are given in the ion of theoretical charts. Both plastic and elastic buckling 
are considered. Sections on correlation with experiment and on maximum — 
strength beyond the buckling load are also included. The theories underlying — aa 
bo the calculation of the charts are indicated briefly, in Appendix I, in which - 4 
s reference is also made to the literature on plate- buckling theory. ‘The ene 
3 mental techniques aredescribed in Appendix 
3 Notation.—The letter symbols in n this paper are defined where they fit 


 §“Theory of Limit Design, i ww J. A. Van den Broek, Transactions , ASCE, Vol. 105, 1940, p. 638. 
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‘FLAT 


elastic buckling stress of a under éoinpression load can be expressed by a 
numerical coefficient k, (in which subscript denotes ‘‘compression”), from — 
which the buckling stress can be calculated by use the formula,® 


which is Young’s modulus; is Poisson’s ratio; is the plate thickness; 


b is the plate e width. ‘Similarly, the shear buckling stress is obtained 
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given boundary conditions, the coefficients k, and k, generally depend | 


upon the length-to-width ratio of the plate and can be plotted as 8 — 


oe eas of Elastic Stability,” by 8. Timoshenko, McGraw-Hill Book Co., Inc., New r York, N. Yo 
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When stress are the combinations ‘that will 
buckling can be defined by combinations of values of the stress cosfiidlenta 
k, and k, to be used in and 2. For given boundary 
' = length- to-width ratio, a a so-called “interaction curve” of k, against ky can be ‘e 
plotted. _ The interaction curves can also be plotted in terms of Stress ratios 
ee. OR and R,,° in which R, is the ratio of the compressive stress Tom present at 
buckling under combined loading to the ‘compressive stress ¢ required for 
we buckling under simple compression loading; and R, is defined similarly for shear. 


equation. ratios os can b be defined : as 


The reduction of interaction curves to stress-ratio lorie 0 often reveals a tae * 
Similarity i in shape among different curves, 4 
Results for Compression.—The inset. diagram i in Fig. 1 a plate loaded 
: 4 along breadth 6 on both edges. Values of k, for plates in compression with wal 
various combinations of simple support, clamping, and freedom along the 
porns: edges’ are summarized in Fig. 1, the respective authorities being as 


Authority 


Bagene E. Lundquist and Elbridge Z Z. Stowel 
‘Harry N. ‘Hill, 10 A.M. ASCE 


_ Eugene E. Lundquist a: and Elbridge Z. ie 


Bugene E. Lundquist and Elbridge Z. Stowell’? 
1 Libove and | Manuel Stein'* 
Harry N. Hire 
S. Timoshenko* and Charles Libove Stein!® 
The simply supported”’ on Curve 2 , Fig. 1(a) (as an 
means that one unloaded edge is clamped and the other is simply supported. — 
Coefficient k, is plotted for each combination of edge conditions as a function 
of the length-to-width ratio a/b of the plate. 
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0 “Chart for Critical Compressive Stress of Flat Rectang H. N. Technical Note No. 


Proceedings, London Mathematical Soc., Vol. 22, 1801, 
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18“Charts for Critical Combinations of Longitudinal and Transverse Direct Stress for Flat Rectangular 
——— Plates,"" by Charles Libove and Manuel Stein, Wartime Report No. L-£24, NACA, 1946, pp. 321-401. Ey 


a simple support and clamping are 
exactly realized i in practice. Usually there is some degree of elastic restraint ba 
again rotation 1 along a supported edge, s such as those symbolized in Fig. Ce 
a Values of the c compressive buckling stress coefficient k, for each of the conditions - 


SS 


Fora compressed outstanding ‘Fig. 3); for a longitudi- 
nally long with both edges ec equally restrained against 


Fig 


atio, 


(Fig. 4(a)); and for the same plate (Fig. 


In Figs. 3 sl 4 the magnitude of the elastic a restraint appears a. 
in the parameter ¢€, which is essentially the ratio of restraint stiffness to plate 5 


4A Method for Determining the Column Curve from Tests of Columns with Equal Restraints 
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AL Exastic Restraint AGatnsT Rotation 
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\\ As | q 


which is the stiffness of the elastic restraining medium, as 
moment per unit length per quarter radian of rotation, assumed 
the of the plate; and the plate flexural stiffness sis he 


In Figs. 3 and 4 4(a), k. is given only asa amped ed of a 
of A, the buckle half-wave length or distance between successive 
nodes. (For the case of Fig. 4(6), \ is infinity.) The half-wave length \ was oe 
included as a parameter in Figs. 3 and 4(a) because the value of ¢ will depend _ ; 
= \ for many types of elastic restraint, and also upon k, if the restraining © 
ee medium carries a load proportional to that on the plate. (The evaluation of — 
me, _ ein terms of \ and k, for several I types of elastic restraining medium is discussed _ 
subsequently.) Since and &, are not known in advance, neither is € Fora 
given plate and a given -Testraining medium, therefore, trial- and-error 
= putation must be made. Mutually consistent sets of values of and A must 
be assumed until a minimum value of k, is obtained. _ A finite plate with simply pk i 
a Sen edges will buckle with its length a divided into an integral number of 
hal waves. -_ The | governing value of A, therefore, must be sought in the © 
, a/2, a/3, . and is that term which gives the lo lowest values 


s For the academic case of a restraining satin in which rotation of one 


section . does not influence rotations at adjacent sections (such as a series of 
discrete coil springs) € will be independent of X. - ‘Then, for an infinitely long * 


ia ihe 


Shear. of k, for plates in shear wit all edges either 
supported’* or or clamped" are given | in n Fig. 5(a). In addition, the value 


oa ‘i “Buckling Stresses of Simply Supported Rectangular Plates in Shear,” by Manuel Stein and aie 


Die Knickun 


—— — 
\ 
| 
| 
3 
= 
| 
— 
— 
— 
> 
— 
— 
17 For these la f a plate wi 
either the buekli ha becomes more 4 > 
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ag lar, depen ith both side edges h ilar to Fig. 4(a) ise oo 
against rotation are given 
VACA, 1948. ” Iguchi, Ingenieur; — 
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compressio » discussion of and in compression 

also applies i in Fig. 5 for shear. gle 4 ape quis 
Results for Combined Compression and Shear.— —Combinations of values 
, « and R, for which a simply supported plate in combined compression and ae 
' shear will buckle are given in Fig. 6. 19 ~The results are in the form of interaction © 7 


” urves of R, versus R, for - different length-to-width | ratios a/b. ‘Fig. 6 shows be 


that, when the compressive stress acts in a longitudinal direction (a/b < dy, 7 = 


eink: as an’ length- to-width ratio changes so that the compressive stress 


: "assumes a transverse nature (a/b > 1), the shape of the interaction curve 


Fro. 6. | oF AND Direct Stress For a SuprorTep Fiat 


changes markedly. An interesting ¢ characteristic of the curve fo for a/b = = wis 
the vertical part at R, = 1, which reveals that an appreciable amount of shear 


stress may be applied to the plate before the transverse compressive stress ; 


‘The effect of elastic restraint against rotation is shown i in ‘Fig. 7 for a 1 a ; 
plate with both edges equally restrained against rotation. For the case of 
longitudinal compression and shear in Fig. 7(a),?° the interaction curve for all | 
degrees of restraint between simple support and clamping e: can still be « described 


by Eq. 7. Although Fig. 7(a) and Eq. 7 were developed for the type of elastic — 


_19Critical Combinations of Shear and Direct Stress for Simply 
by 8. B. Batdorf and Manuel Stein, Technical Note No. 1228, NACA, 1947. ‘—e 


| 
a4 — 
a 
4 
| 
a 
itm 
— 
it 
| 
it 
— 


restraint whose stiffnces i is by buckle wave length and on the 
“Plate, the same parabolic relationship was also found to apply when the re- 
straint is furnished by a stiffener whose stiffness S, is affected by both these pi 
- quantities.*° For the case of transverse compression and shear shown in Fig. 
7(b) different curves are obtained for different values of ¢ (independent of 
at load and buckle wave length). . All the curves have the vertical sections found 


_ to exist for the simply supported plate in Fig.7(6).™ 
EES the Stiffness of the Elastic Restraint.—The charts for the buckling — 


, = elastically restrained plates, described i in the previous oe 
ease in which S,, the stiffness of the elastic restraint, is a constant along te 

. ie, edge. In other words, the ratio of the bending moment intensity exerted by 

the the ‘buckled plate on | the restraining medium to the rotation produced is a 

assumed to be the same at all points along the edge of the plate. Fortunately, a 

_ this condition is satisfied either exactly or approximately in many practical 8 

eases, particularly those involving long uniform plates with uniform elastic 

Peat ae these cases, both the bending-moment intensity and the rotation | 


(b) SHEAR | AND TRANSVERSE. 


DIRECT STRESS | | 


& 


Therefore, the ratio between the srg is a constant. 


In the calculation of involves the a plication of 
Pp P 


given 


- 
“Critical Combinations of Shear and Transverse Diseet, Stress for an Infinitely Long Flat Plate 
Edges Restrained Rotation,” 8. B. Batdorf and J. C. Houbolt, 
“Restraint Provided. a Flat Plate by: a ‘Sturdy 8 Stiffener Along an of Plate,’ ” 
Eugene E. Lundquist and Elbridge Z. Stowell, Report No. 736, NACA, — 
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measurement of the rotations produced (in quarter radians), and t 
calculation of the ratio between 
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G is the of J is the torsion constant of a 
stiffener; G G J is the torsional stiffness of a stiffener ; ¢ is the average compressive i 
: Been in a: stiffener ; I, is the polar mome moment of tmertia of a stiffener sectional area Lag 
about i its axis of rotation ; and Car is the torsion-bending constant of: astiffener = 
area about its axis of rotation at or near the edge of a plate. 
+ The first term in parentheses in Eq. 8 gives the stiffness according to St. Venant; me, ae 
= second term gives the reduction in in stiffness due to the compressive load in 


the stiffener; and the third term gives the stiffening effect due to the fact | that Sa . 
the plate ‘being is part: of an assembly of Plates, | then the 
‘elastic restraining ‘medium may itself be an n adjoining plate under compression thy 
“ola 


fic. 


8. —EVALUATION OF THE SrirrNess Se oF AN. te 


equal and opposite to that at its near edge. In stad a case, the stiffness of the 
restraining medium | can be evaluated { from 1 tables of st stiffness and carry-over — 

factor for flat rectangular plates under compression, prepared by Wilhelmina — 
D. Kroll in 1943. an In this table, the values S, , of a plate with its far edge . 

clamped, simply supported, free, or subjected to a . moment equal and opposite 

tot that at the near edge are denoted | by S, S", Sm, and S'V, respectively, cod 

“are given as functions of the stress in the plate and the half-wave length of 


oe some cases, the far edge of the restraining plate may itself be eaiarahand a 
lastically against rotation by one or more plates with a combined stiffness S;. 


_ %Torsion and Buckling of Open Sections,”” by Herbert Wagner, Technical Memorandum No. 807, hed 

_ *“*Torsion and Buckling of Open Sections,” by H. Wagner and W. Pretschner, Technical Memorandum _ 

_ “Twisting Failure of Centrally Loaded Open-Section Columns i in the Elastic Range,” by ‘Robert aes ee 

_Kappus, Technical Memorandum No. 851,NACA,1988.00 

i. % “Tables of Stiffness and Carry-over Factor for Flat Rectangular Plates Under eer oe ; 

Kroll, Wartime Report . No, 1-988, 1943, 4 
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in 1 which C is the carry-over factor of the first restraining plate and is tabulated 
_ with the stiffnesses by Miss Kroll ;?* and S™ is the stiffness that the first re- 
plate would have if its far edge were simply supported. Eq. 9 is in the 
cond nature of a recurrence formula giving the stiffness S, of any plate in terms of j 
the restraint 8 at its far edge. Successive application of Eq. 9 sie , 
. Ww witha . plate for which the conditions at the far edge are known and working | up 
to the plate under consideration) will yield the stiffness S, to be used in con- 
[ junction with Figs. 3 and 4(a). This procedure i is illustrated elsewhere.* 27 raf In 
a 


-4 one or two junctures. aw way from the edge of the plate under considers- 
tion in order to shorten the process. 


The k charts themselves (Figs. 3 and 4(a) for compression and Fig. 
_ for shear) can sometimes give the stiffnesses of restraining plates. For | 
- example, Fig. 5(b) gives the external restraining stiffness S, for which buckling 
will oceur ins ‘shear at given “load” wave length ratio When 
buckling occurs, the total stiffness of the joint consisting | of the juncture e of 
plate and restraining medium is zero. The stiffness of the plate itself at 
buckling, therefore, is So Thus, Fig. 5(6), with the signs: of the ¢-values 
—< - gives the stiffness of a long plate in shear corresponding to S'V for = | 
Results for \-Columns, Z-Columns, Channel- Columns, and Rectangular Tube- 
Section Columns —By evasidering one of the component plates of the 
to be elastically restrained by its neighbors and evaluating S, with the aid of _ 
the stiffness tables,?* it was possible to use Figs. 3 and 4(a) to calculate the if 
es buckling stresses for columns of several simple cross-sectional shapes. 7 i 
_ The results are given in terms of a numerical parameter ky in Fig. 9.28 _ With ie 
he known, the e buckling stress can be obtained from the 


vr 


& 


_ local buckling strength. ° his criterion states t that when : a plate assembly is is 
carrying its local buckling load, the sum of the stiffnesses of all the members ~ 

7 = a joint is zero. To apply this principle, it is necessary to assume a | 

aoe _ series of values of buckling stress and for each one to calculate the stiffnesses * 


7 


_% “Principles of Moment Distribution Applied to Stability of Structures Composed of Bars or Plates,"” 
oy] Eugene E. ge te Elbridge Z. Stowell, and Evan H. Schuette, Report No. 809, NACA, 1945, Eq. 13. — 

38 “Charts for Calculation of, the Critical Stress for Local Instability of Columns with I-, Z-, Channel, 
and Rectangular Tube Section,” by W. D. Kroll, Gordon F P. , Fiaeer, and George J. Heimerl, Wartime a 


(£-429,NACA,1948. 
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(b) ZSECTION 


(a) H-SECTIO 
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of the members meeting at some joint be the methods described 
ii the end of the section on single plates. The lowest stress for which the sum 
ne oat of the stiffnesses equals zero is the buckling stress. | This procedure must | be 4 : 


q 


= repeated for each of several assumed values of until a minimum suceell d i 
This procedure applies only if the corners of the section remain straight 


lines when local buckling occurs. In open sections having ‘small enough oe, 

- such as lipped- Z-section columns, the lip may translate in its own plane at “= 
buckling. Two studies of this type of buckling have been completed. 29, walt 

i a The general condition of buckling of plate assemblies, with some account. = 

of the fact that the intersections of the plates may not remain straight, was 4 


given in an earlier with for 


ive’ 


ain ‘of the stress-strain. curves, the buckling is called elastic and the equa- q 
tions and figures discussed thus far apply. When the buckling stress is high | ; 
enough t to lie on the curved part of the stress-strain curve, , the buckling is called — . 
plastic and new factors must be introduced to allow for the departure of the 
stress-strain curve from the original straight elastic section at these high = 
Fon orm of Presentation of Theoretical Results. —Data on the | plastic buckling a : 
stresses for plates under single loading | have been in two forms. Both 


The first, or classical, form stems the that land2r may 
te used in the plastic range if the modulus of elasticity E is replaced by a aq 
a Broce ‘modulus ” E,7 being a function of the buckling stress, the shape of the = 7 
pee stress-strain curve, the type of loading, | the length-to-width ratio and edge 

oe conditions of the plate. (In the elastic range, 7 = 1 and above the elastic Ye i 
a range, n< In this form of presenting the a curve of 7 versus 
‘= buckling stress is given for a plate of specified material and specified boundary — 
In terms of 7 the compressive buckling stress can be calculated 


Bi in which the Subscript c is added to 7 to indicate a loading of compression a, Bi: 3 
Fi —. and E are the elastic values of Poisson’s ratio and Young’s modulus, re- 4 


4 James C. McCulloch, Technical Note No. 1835, NACA, 194 


“The Local Buckling Strength of Lipped Z- ged with Small ” Width,” by Pai a Hu and 
_  %“Primary Instability of Open-Section Stringers to Sheet, by Levy and Wit 


helmina D. Kroll, Journal of the Aeronautical Sciences, Vol. 15, October, 1948, p. 581. 


& “Theory of the Plastic of Thin Plates,” by P. P. Publications, al 
if Shae Assn. for Bridge and Structural Eng ol. 6, 1940-41, p. 45. 
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‘Ne in Eqs. 11 and 12 are themselves given as functions of 
_ the unknown buckling stresses o and r, a trial-and-error calculation is generally Peieg 


to obtain the buckling stress of a given plate. This difficulty i is 
overcome in the second or alternate form of presenting the results. eo 5. 


fer - (orga) ou, a plot i is directly 
the plot of versus Ne T versus and a knowledge of E ( E tie 


The parameters of the buckling curve | just described are dimensionally 
shone of a stress-strain curve. The stress-strain curve of the plate thaticta) 
may therefore be superimposed on the same set of nesetantens often ies a a 


| a All Edge Conditions 
 (e=0 


lues 


(a) ne FOR FOR SHEAR BUCKLING 
BUCKLING OF FLAT PLATE LONG FLAT PLATE 
Values of KipsperSqin. Values of {37 Kips per Sq in. 


the elastic range can a also be used to present the results of buckling calculations “ 


‘yield sirens of 46 kips per ‘sq in. (0.2% offset). "The loaded edges of the plate 
_ were simply supported, and the results for va:‘ious types of plates are given in #4 
i Wie Sob ound (13a) 


Unified Theory of Plastic of and Plates,” by Elbridge Z. Stowell, Report 
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long plate, hinged ‘edges, ‘simply supported— sited oat, | 


4E 


narrow plate as a 


} 7 re. from the stress-strain curve, are also given. _ The coincidence of these two Je 
_ curves with curves A and G indicates that the reduced modulus ‘for a long _) 

* hinged flange is the secant modulus BE. and that for a narrow plate-column is _ 

the tangent modulus Eqs. 13. are the basic formulas from which the 
‘n-curves can be computed for any material. 


= alloy. in Tie. 10(b). applies to all degrees of 
elastic edge restraint against rotation between simple support and clamping. ee 
comparison, curves of and E/E (obtained from the compressive 
stress-strain curve with o replaced by v3 1) are also” given. _ Also shown 
dotted, for comparison, is curve C, of Fig. 10(a), for a compressed simply 
plate. ‘This curve practically coincides with the curve for = 


pees: % “Critical Shear Stress of an Infinitely Long Plate in the Plastic Region,” by Elbridge Z. Stowell, 
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a more directly usable form of buckling stress ¢, versus ¢ (elastic), the strainat | 
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Combined Longitudinal Compression and Shear ear.—Interaction curves for 
“three long plates of 248-T aluminum alloy are given in Fig. three 
ag ' plates w were SO chosen** that one would buckle in the elastic range for r all stress 7 = 
_ combinations, one well in the plastic range, and one | in the intermediate mae. a 


three curves can be described the parabola— 


ong simply Supported Plat e 


G. Narrow Plate-Column 


= 


Bucking 


Compressive Buckling Stress 


o 


: 0.004 0008 0.010 


oF Compressive. PLastic Buckiina STRESS 
"strain curve and defined as follows: Eom i is the secant modulus 


which oem aNd Tem are the. at is the secant 


Elbridge Z. Stowell, Technical Note No. 1990, NACA, 1949. 


“Plastic Buckling of a Long Flat Plate Under and Longitudinal Compression,” 


af 
| 
— 
yn 
‘a oa in whieh R, and R, are the stress ratios previously defined in Eqs. 3 and os — 
and all values of Z, are secant moduli obtained from the compressive stress- 
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PLATES 


ship: as indicated by Eq. 14. interaction curves can also be replotted 


, in terms of R, and R, alone. Such curves would have the same end points 

but would otherwise lie above ‘the curves shown. - Thus the use of the elastic — 

interaction Eq. 7 would be conservative in the plastic range 


Come Compression and Shear; B= 2000 
Elastic Compression, Plastic Shear; B= 4000 


for H-Section Columns —The basic theory for plastic for 
plates* has been applied to the more complex problem of the H-section 
_ column.* % The calculated results for extruded 75S-T aluminum alloy are 


given i in Fig. 13 as curves of buckling stress ¢ versus elastic buckling strai 

(elastic) for two families of cross sections = =1; = 0.6 to 0.8 | ~The 

compressive stress-strain curve for this material is also included in order to 
_ "Plastic Buckling of Extruded Composite Sections in Compression,’ by Elbridge Z. Stowell and 
A. — Technical Note No. 1971, RAGA, 
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‘FLAT PLATES 


Compression. —The correlation of the ¢ compression test ‘results with ai 

2 both elastic and plastic buckling o of the hinged flange (cruciform), cake . 

: _ supported plate (square tube), and the H-section is illustrated in Fig. 14, with | a aM 
‘4 test data taken from previous results are plotted 
n the form | of experimental buckling stress versus calculated ‘strain 

(elastic) at which buckling would occur if tae material remained perfectly — 
The compressive stress-strain ¢ curves are included for comparison. 
Appendix II illustrates the techniques used to detect buckling to obtain 
4 t In ea each case the agreement between theory and test results is good “Ss 

the hinged flange as as represented by ‘the cruciform s section, both the theory ‘aa : 

resalts fall on the stress-strain curve, that the effective modulus 


Compressive Buckling Stress (o ) Kips per Sq! 


Fra. 12. Fa. 14. VERIFICATION oF 


a slightly below the stress-strain curve as predicted by theory, which means that 

the effective modulus for these specimens is lees than the 

In order to show the generality of the close correlation between the test 

- results and the stress-strain curve, the test data and stress-strain curves for “iG me 
2 variety of aluminum and magnesium alloy H-sections, Z-sections, and channel-— 


’ a? sections are shown in Fig. 15. am Because the average stress at maximum load, 


bs ” represented by the square tube, and for the H-section, the test results plot _ 
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8 Plastic Buckling of Simply Supy 
Heimerl, Technical Note No. 1817, NA 
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PLATES 
Ge is of interest at this point. Two stress-strain curves are shown for eneh | 
material to indicate the limits of variation in material properties found to 


ao r ae for the sections tested. . The test results for the H-sections fall somewhat — 


SECTIONS 


nee 


Lower Limit 


Upper Limit 


Lower 


iu 


- to the stress-strain curve than do those for the Z-sections and channels. — 
* This is probably to be expected since the H-sections contain a higher percentage - 
of flange material, and the stress-strain curve is correct only for 
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of the order of magnitude of the plate thickness arose in measuring the plate 


widths. Therefore, a system of dimensioning was chosen for each type of 


specimen such that calculated and experimental values of the buckling stress 


q _ were in good agreement in the elastic range. The same ‘system was then also , 


used i in the plastic 1 range. . For the H-sections, Z-sections, channels, ands square- cS 
tube sections, the use of ipside face dimensions proved to be best. Me For the 2 
eruciforms, however, centerline dimensions were found to be 
Shear. —Fig. 16, experimental data?* are compared with the theoreticnl 
curve of Fig. 10(6).. shear stress-strain curve, , added for comparison, was 
deduced from the compressive stress-strain curve by dividing the compressive 


_ stress by V3- to obtain the shear stress and by multiplying the compressive | 


te 


Stress-Strain 


Fra. 16. —EXPERIMENTAL VERIFICATION oF SHEAR tty ‘Fre. 17. —EXPERIMENTAL VERIFICATION or 


-Puate-Buckuine THEORY THE THEORY FOR THE BUCKLING OF A 


‘Plotted i in stress-ratio in Fig. 17. tubes were 
7 wre plates s connected by four corner angles. In ‘Fig. 17 test results are com-— 
pared with the parabolic interaction curve from Fig. 7(a) that should apply if ’ 
the corner angles were heavy e enough to isolate the walls so that they would 
buckle independently as four clamped plates. — Since infinitely stiff angles 
_ would be required to accomplish this, the theoretical curve for a | seamless — we 
; ‘square tube which takes into account the effect of adjoining \ walls is also i in- 
a cluded. 40 The test points, which represent averaged data from the four walls 


two directions of f torque, lie b between | the two theoretical curves. 
— 


Aa “Critical Shear Stress of Plates Above the Proportional Limit,” by George Gerard, Journal a of b 
Applied Mechanics, March, 1948, Transactions, ASME, Vol.70,p.7. 


_ “Buckling Test of Flat Rectangular Plates Under Combined Shear and Longitudinal 


Roger W. Peters, Technical Note No.1750, NACA, 1948.00 


“Buckling of a Long Square Tube in Torsion and ora ty hee by Bernard Budlensky, Manuel 
‘Stein, and Arthur C Gilbert, Technical Note No. 1761, NACA, 1948. 
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important from the: standpoint of both s safety and economy. +. The second factor 
is especially important in aircraft, since the presence of unnecessary strength, q 
and therefore weight, will raise the operating | costs. The intro: 4 
strength that develop after buckling, 
wt Although maximum strength does not properly come under the subject = | 


“s 3 buckling, the importance of the subject and the close 1 relationship | observed 
between maximum strength and buckling strength warrant its discussion. © The | 
_ study of maximum strength ix in - Shear, through the medium of webs» with 
mi transverse stiffeners, is too large ‘a field to discuss except to call attention to 4 
_ some research in the field.“ Only maximum strength in compression will ve 
considered. . The fact ~an ‘the maximum strength of compressed plates may 
greatly the buckling stress was first brought to the attention of American 
by extensive tests at the National Bureau of Standards ® 
_ Physical Action and Significant Parameters—A simply supported plate a 
would never fail in compression if the material remained perfectly elastic at 
<a all stresses. _ As the loading proceeds beyond buckling, the fraction of the total - 
a ee load taken by the central longitudinal fibers becomes less and less because of ‘ 
4 their buckled condition. The load shirked by the central fibers is carried by o 
the less buckled fibers near the edges. Because of the finite strength of actual 
ae i - materials, a maximum load is reached when the load refused by the central __ 
fibers can no longer be taken by the edge fibers due to the fact that they are ‘ A 
working at stresses in the plastic region. 


Bo .* precise theoretical analysis of the maximum strength of a plate woul — 


— 


* both of which introduce com plexities o of nonlinearity. Such a theoretical ans analysis ; i 1 
was not until for a relatively simple structure— 


_ deduced from theoretical studies of the load- carrying capacity ; of purely elastic 


The first approximate analysis of this nature was given by Theodor von = : 
 Kérmén, ASCE“ and summarized by 8S. P. Timoshenko.“ Mr. von 
Kérmén assumed that two longitudinal edge strips of combined width aha 
carry -y the entire ‘compression load, whereas the central strip of width 

: is free from stress. The maximum load is assumed to be reached hes the — 4 


hesigent in expressing tl the maximum compressive donerp of a plate can = 


‘Strength Analysis Stiffened Beam Webs, by Paul Kuhn and James P, Peterson, Technical 
Note No. 1984, NACA. 1947. 


L Schuman ‘and G. q 


1950. 
Strength Thin Plates i in Compression, wr von Kérnéa, E.E. Becher, a 
‘Transactions, ASME, Vol. 54, 1932, p. 53. 
of Elastic Stability,”’ by 8. Timoshenko, McGraw- ‘Hill Book Co., Mew York, N. 
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“Strength of Rectangular Flat Plates under Edge Compression, 
Renort No. 8568. NACA. 1920 


uniform in edge strips to yield stress of the material, 


fie later, more elaborate investigations*** same assumption (tbat 


a assumed that the stress in the contnal strip remains equal to its buckling value 


the ney with a value between zero and unity. - 

If (as in Mr. von K4rmén’s analysis) the maximum is 
occur when Gedge reaches some high (say, the compressive yield stress 
Gey), then 18 can can be written as 


“18 an 19, derived from different assumptions, are both based 
and — might bi be significant parameters. 


the of ¢ maximum strength tests were plotted i in terms 
Correlation Between Buckling ‘Str ength and M azimum Strength. —Maximum- 


a “strength data are plotted in Fig. 18 for various. sections of aluminum n and 
esium alloys. The data*’ are plotted in the form of curves of —— 


4 
For the section, the test show good agreement with a =! 
retical curve calculated for a hinged flange utilizing the same plasticity re relation- hee ae 4 
ships as those used in the plastic buckling analysis (see . Appendix I). the 
- the juncture of the four flanges of the cruciform section was observed Je Ang 
remain straight to and beyond the maximum load. The cruciform, therefore, i oe 
may truly be regarded as four hinged flanges at ‘maximum load as well as at ee i: 


Width of the Plate in Compression,” by Karl Technical Memorandum 
No. 888, NACA, 1 


Plates with Large Deflections,” by Samuel Technical Note No. 846, 
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FLAT PLATE 
In 18, the calculated d dashed curve for ‘maximum of flanges 
_ just described is also | superimposed on the experimental data for the H-sections 
_ Z-sections, channels, and square-tube sections. Although this curve strictly | 


te a it seems: describe well results for” 


0) 


if 


Theory 


= 
is 


Empirical 
a 
max = 0.80(¢ 


Values of 


a 


‘Fic. Between Compressive Piate-Buck.ine Stress ae 
t AND AVERAGE Srress aT A Maximum Loap tow 
these sections, for which flanges were responsible for instability; 


but it misses widely the few results for the square-tube section, which does not . 


possess flanges. Empirical curves that apply “specifically to _#H- sections, 


- Z-sections, and channel sections are also shown. The equations for these 


— 
— 
8, 
| 
A 


curv ‘provide: expressions for engineering use. "Although 
: 4 the data are very few for the square tube, and indicate a lower average stress _ 7 


= are enough data to indicate that a similar empirical curve re probably applies. 


2 at max maximum oad the same ratio of buckling stress to yield stress , there 


One such tentatively is shown ir in Fig. 


‘the ratio — is greater than about 3/4, that for practical 


_ purposes buckling at a stress greater -than 3/4 of the yield stress is equivalent sg 


a: to failure. If the buckling stress is lower than about 3/4 the yield stress, the . et 
relation between the buckling stress and the maximum strength i is nearly. 
same for all the flanged sections and all the materials. A similar but different 
cs Af relationship would be expected to hold for the square tubes. The statements — : 
in this paragraph apply to” metals of the type of aluminum or magnesium a 
alloys but may have to be modified for members made of mild steel, in view of =¢ 
_ the the basically different shape of the stress- strain curve of this material. ay i oe 
oe It should be noted that the data in Fig. ‘18; are for integral plate i 
4 with relatively sharp corners and without corner angles. The age 


> 


he relationshi ined. 
“stresses of flat unstiffened plates in compression, shear, and combined com= 
pression and shear, and for integral flat-plate sections in compression. Correla- _ 


tions have been shown betw een buckling strength and maximum strength for 


the integral flat-plate sections. Theoretical methods and experimental tech- | 
o-- for conducting buckling investigations are indicated briefly ae 


The shown between theory and experiment that the 
; ae status of the problem of calculating flat-plate buckling strength is satisfactory. — 45 
_ Buckling stresses can be calculated with engineering accuracy in both the elastic > 


survey of the various solutions available indicates that the different 


= have now com laid io the gaps to be filled at inna by extrapolation. In 

addition, solutions for a number of loa loading conditions other than those included 7 
Om in the paper are available in the literature or are in the process of being obtained. f: 
field that needs work to lay a integral, but foundation i is that i 
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utions have stopped short of the plastic range and many have 
* 
— 
— 
— 
— 
plates due to the relatively large size of the con- 


ity 


provided by the The first u is also present to some 
ae extent in formed plate sections when the curved material created by forming 
is an appreciable part of the total cross-sectional area 


buckles resulting from loads above the buckling load, the ‘effect of a permanent 
buckle on the ultimate strength, the fatigue life of a plate under repeated — q 

buckling, and the interaction of plate buckling with other types o of avy: 


Differential Equation Method. —An exact mathematical analysis to deter- 4 

mine the buckling ‘strength of a flat plate involves the integration of the 


sat 

width coordinates, respectively; is Young’s modulus; is Poisson’s ratio; is” 
ao thickness; o, and o, are the middle plane compressive stresses in the q 

og z-direction and y- -direction, respectively; and 7 is the middle-plane shear in 

The stresses oz, cy, and 7 are from the external 
Detailed m 


paper from associates of the 


_ M ethod. —Also useful to the calculation of buckling stresses is the 


energy method. ‘The “potential energy” can be written as follows for plates 


48 “Mathematical Theory of Elasticity,” by I. 8. Book Co., Inc., Terk, 


ss 49“ Theory of Elastic Stability,” by 8. Timoshenko, McGraw-Hill Book Co., Inc., New York, N. Y. < 
1936, Chapter VII. 
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in which the integration is 


"i ‘the bending and ‘twist that occur during buckling. The second integral 
represents an energy loss associated with the middle-plane stresses due to the — 
lateral deflection. If the plate edges are held fixed during buckling this in- 
_ tegral represents a reduction in middle-plane stretching energy; if the edges 

om may shift with respect to one another, it represents the work of the external 


: at The potential energy expression, Eq. 21 i is s useful by virtue of the fact that os 


f satisfying the geometric boundary conditions but not necessarily the differential — 


\v 
i=] 
co 


a 


equation, the one which satisfies the differential equation best is the one for 
ay, AW is smallest. A special Gomeopenans of of the energy method i is due to 


: Although buckling stresses obtained by this approximate method 1 may be 
_ very accurate, they are generally higher than the exact stresses. Thus, ‘the 
oul method furnishes an upper limit to the buckling stress unless, by chance, ms 


the deflection pattern chosen for | w is the true mre te is, the one that can Pa 
satisfy the differential Eq. 20 exactly. 


asawhole. If the set of functions i is SO that they satisfy the boundary 
conditions only approximately, lower limit to the buckling stress may be 
: Sau The technique of relaxing boundary conditions was first used for buckling he? 
problems by E. Trefftz.” 2 The method is described and refined by Bernard 
a ae Pai C. Hu, and Robert W. Connor**-™ and it is called the Lagran- 
 gian multiplier. method. It is presented in such a way that both the “upper- 


limit and lower- limit solutions can be obtained from the same mathematical 


stresses obtained by the described in the first part of 
. this appendix are re correct only if they fall in the elastic range—that i is, below pe 
_ the proportional limit o! of the plate material. This follows from the assumption — 
of perfect upon which the derivation of 20 and 21 is based. 


"The T 
“Uber eine Neue Methode Zur ewisser Variationp ebleme an is 
by Welter Ritz, Journal fir reine und angewandte Mathematik, Vol. 135,1909,p.1. 
“Ein Gegenstiick zum Ritzschen Verfahren,” by E. Trefftz, Proceedings, International Congress: 
8“The Lagrangian Multiplier Method of Upper and Limite to Critical Strosses of 
a Clamped Plates,” by Bernard Budiansky and Pai C. Hu, Pechnical Note No. 1108, NACA, 1946. 
“Notes on the Lagrangian Multiplier Method in Elastic-Stability 
and Robert V No. 1568, NACA, 1948.0 
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ee “; jie problem o of plastic buckling analysis of plates i is much more difficult q 
than the corresponding. problem for columns. a a long time, therefore, equa- 
z _ tions to replace Eq. 20 in the plastic range were written as intuitive mrt 
tions of the corresponding plastic column buckling equation.” Eventually, 
more refined a attempts were made to solve the | plastic buckling problem through | 4 
_ the use of theories for the plastic behavior of materials under combined stresses.  . 
The first attempts were made by ‘Bijlaard,* ASCE, and A. A. 
Ilyushin: The latter’s analysis was modified by one ne of the writers®-33.%4 to 
incorporate Shanley _ continuous-loading 57,58 ~The resulting q 


method of analysis proceeds | from the that in the plastic 


“a domain a unique stress-strain curve exists for combined loading ‘that is a 
ee & 4 ‘simple generalization of the stress-strain ‘curve for a single loading. The 


existence of such a curve has been established approximately by rexperiment 


a (and | has also been justified theoretically) f for the case in which the ratios of 
v: various | stresses are maintained constant the loading proceeds un- 


rar 


loading occurs elastically as is the usual case. lathes 


a, 


By making use of the generalized stress-strain curve and the corresponding 
relations, equations for the plastic range were obtained to replace 
Eqs. 20 and 21, which hold in the elastic ra range. Solutions of the e 
obtained d by methods analogous to those in the elastic « cases. 


‘Test “Specimens. —Most of the experimental work ‘conducted t to check the 


ye ee results thus far described has been concerned with loading i in com: a 


7. pression. — The test specimens used to o obtain the data in Figs. 14 ‘ann 15 ¢ con- 
sis ted of so-c -called cruciforms (+-sections), § square tubes, and H-sections, 


-sections, and channel sections as erm, Fig. 19. All these sections 3 


“ The Elasto-Plastic Stability of Plates,” " by A. A. Ilyushin, Technical Manestnden No. 1188, 


16, rj Column Paradox,” by F F. R. Shanley, Journal of the Aeronautical Sciences, Vol. 13, December, 
Pp. 


“Inelastic Theory,” by F. Shanley, ibid., Vol. 14, May, 1 1947, Pp. >. 261. vor 
att +9 “Theories of Plastic Buckling,” by S. B. Batdorf, ibid., Vol. 16, July, 1949, p.405. 
or Plastichnost, ” by A. A. Ilyushin, OGIZ, een 1948, PP. 69, 75, and 117. 
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of obtaining data for sin gle plates rather than for plate sections. In n effect, the r . b 


: cruciform is componed of four flanges mutually supported along a common edge, 


in Fig. is integral assembly of four plates” mutually sup- 


with the corners remaining s straight, but not so short as to incur any appreciable a 

¥ increase in strength associated with short lengths. For the cruciform section a 
the wave | lengths developed on buckling were much 1 longer ween of f plate 7 

widths than for the other sections as indicated in Fig. 20. 
Mes The test data shown in Fig. 16 for shear were obtained by George Gerard® 

e from tests on panels o of thin sheet material i in a loading frame e. Tests to check yr 

i Fi ig. 7(a)—the interaction curve for combined compression. 1 and shear—have 

been made only in the elastic range.** The specimen used was a long square 

_ tube be consisting of four thin flat plates joined | by relatively heavy — at the 


are necessary in order to correlate the material properties with the plate com- — 


compression fixture, utilizing grooved supporting in place: 


pressive strength and for use in applying plasticity y theory were. obtained chiefly 
from tests of single-thickness specimens cut from the elements of the oll 

from which the buckling specimens were taken. The single-thickness speci- 
mens were tested in a modified form of the Montgomery-Templin type — : 


‘Detection of Buckling. —In the theory of a is to b 
perfectly flat; thus lateral ‘deflection under the edge load will not occur until a 
sharply defined critical load is reached. . In practical tests, however, plates 
(no matter how carefully they are fabricated) have some slight initial devia- _ 
tions from flatness which grow with increase in load. Thus ideal buckling 
‘is not realized, and the problem arises of how best to interpret experimental ae 


One procedure that has been proposed for d determining dipetinintal plate- in 


data so so as to obtain the buckling loads. 


. buckling loads is based on an extension of the Southwell plot method used — 


at for columns. 9.68,06 To be. successful, the ‘method requires es that the ‘theory | of 
ie small deflection be applicable and, at the same time, that the loads at which — 
Measurements are taken be close to the theoretical buckling load. Although 


_ these two conditions are attainable for columns, they are very often — 


a “Determination and Presentation of Compressive Stress-Strain Data for Thin Sheet Metal,” by — 


alter Bi Rosberg and James A. ‘Miller, of the Aeronautical Sciences, Vol. November, 1946, 


the Analysis of Observations i in of Elastic Stability ‘ty B RV . South- 
well, Proceedings, Royal Soc. of London, Section A, Vol. 135, April,1932. | 


Lundquist, Technical Note No. 658, NACA, 1938. 


“ “Theory of Elastic Stability,” by 8. Timoshertco 
1936, pp. $21 and 401. 
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contradictory for plates. In addition, ‘precise measurements of 
% deflection were required. These difficulties, coupled with the fact that the ee 
_ method is strictly applicable to plates only in the elastic range, suggested 
that a more direct and simple way of an 
load should be adopted. 


buckling load was as the load at which the on the convex 
of a buckle stopped increasing and started decreasing. According to ate 
other (the so-called “top-of-the-knee”’ method) the buckling load was the load 

orresponding to the top of the knee of a curve of load versus lateral deflection. > ; 


dimen by the strain- reversal or top-of- the knee methods might differ from . 
¥ the theoretical buckling stress « of a perfectly flat plate, a theoretical study was 
made, by means of elastic large-deflection theory, of the behavior under edge 
compression of a simply supported square plate with slight initial deviations fen : 
from flatness. This study indicated that the top-of- the-knee method gives nem 
4 ’ buckling loads below, but closer to, the theoretical load than the seine a, 


Certain practical difficulties in using the strain-reversal method further a 
strengthened the case for the top-of- the-knee method. These included in- 


the absence of strain reversal, particularly in the plastic buckling range. 
- these reasons , the experimental buckling stresses for compression given in 
i this paper were determined by the top-of-the-knee method. . For most of the — 
tests, the load and deflection were recorded graphically. 
ee Pe The shear buckling stresses of Fig. 16 were based on the so-called + ia 
# _ difference method.** The load readings were plotted against buckle curvature. Sia y 
The critical stress was defined by the intersection of two straight | lines through — 
the “plotted test ‘points. The ‘buckling stresses obtained by ‘this. ‘metho 
a generally lie between those given by the top-of-the-knee and strain- reversal : ae 
pe For tests of the tube in combined compression and torsion to check the 
4 theoretical interaction curve of Fig. 7(a), the strain- reversal method was used | cg 
to detect buckling. Although this would cause the actual buckling stresses to ae; 
_ be low, conversion of the results to stress-ratio form was judged to eliminate pe = Pa 


most ¢ of the error due to using this definition of buckling. AS 


- Pi «° ae of Small Deviations from Flatness on Effective Width and Buckling of Plates in Com- a 


* by Pai C. Hu, Eugene E. Lundquist, and 8. B. Batdorf, Technical Note No. 1124, NACA, 1946. 
gar 
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P. P. Bui LAARD; ‘M. ASCE-- —The extensive results obtained by | the Stru- 
; pa: Research Division of the National Advisory Committee for Aeronautics 
(NACA) are made ‘more readily | ‘available by the publication of this paper. 
As a matter of course, the Paper refers to applications to aluminum alloys 
and to aircraft structures. Similar computations referring to ‘bridge engi- 


<4 neering were pr presented by the writer®”-s. from 1938 to 1947 


| 
se a. - _ As mentioned by the authors, the ex exact t theory of buckling of plate assem-— - 


and that of the plastic buckling of plates” were developed 
4 by the writer. 


A short surv ey , of the historical developments i in this field has 
been given by G. Winter,“ M. ASCE. As far as the first theory is concerned _ 
Aa the NACA later made available very useful tables for the rotational stiffnesses 
S'Y of flat rectangular plates under compression. These stiff- 
‘nesses s refer to an unloaded edge subjected to a sinusoidally varying moment, 
_ if the far edge is simply supported, free, or subjected to a moment equal and : 
Opposite | to that at the near edge, respectively. These stiffnesses rather 


and in 1943 by the NACA.”.” Using the NACA sastilithena. they were tabu- 
lated by W. D. Kroll?* i in 1943. ‘ee 

fs Bese differ somewhat from those preferred by the writer, In the elastic 
‘Tange, for and S'V the writer prefers N/(4 in which N is the Sexural 


oe = for the seitie range in the writer’s equations, by means of the substitutions e Rees 
/(4 S™), N/(4 and N/(4 st), respectively. writer’s theory 
¢ opts aceount of the fact that the intersection lines of the middle planes of the q ey 
plates do not remain straight. i is of te in flexural cand te 

wt 


_ torsional buckling of T-sections and angles. 
writer contends*! that, in n connection with eccentricities, q ad 
for columns as well as for plates subject to buckling in the plastic range, it — 3 

_ should | be assumed that there is no u nloading of initially plastically deformed a 


Prof. Structural Ithaca, N. Y.; Techni Universities of 
_ Delft, Holland, and Bandoeng, Netherlands East Indies. ‘ 


‘Bijlaard, Proceedings, Royal “Netherlands Academy of Amsterdam, Holland, Vol. 41, No. 

te “Exacte Berekening voor het Plooien van de Wanden der in de B enbouw Gebruikelijke Suet 

profielen,” by P. P. Bijlaard, De Ingenieur in Nederlandsch Indie, Vol. 1939, pp. 1.17-1.23. 


“ Afleiding van Eenvoudige en Grafieken ter Bepaling van het Plooigevaar van 


Wanden van Vloeistalen Staafprofielen,” by P. P. Bijlaard, ibid., October, 1939, pp. 1.239-1.256. ah 


“*Some Contributions to the Theory of Elastic and Plastic Stability,” by P. P. Publications, 
a International Assn. for Bridge and Structural Eng., Vol. 8, 1947, pp. 17-80. > a2 m< 
“Performance of Compression Plates as Parts of Structural Members,” by G. Winter, 
Structures Supplement, Academic Press Inc., New York, N. Y.,; 1949, pp. 179-185. 
“Sa 72 “Principles of Moment Distribution Applied to Stability of Structures Composed of — or Plates, ‘ek : 
; Ws by Eugene E. Lundquist, Elbridge Z. Stowell, and Evan H. Schuette, Wartime Report No. L-326, 1943. — if 
24 _ Theory of the Plastic Stability of Thin Plates,” by P. P. Bijlaard, Publications, International 
iebae Assn. for Bridge and Structural Eng., Vol. 6, 1940-1941, Eqs. (48, 52), (56, 57), or (53, 54). . 
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regions; the be. assumed remain entirely plastic.” 75,76, 77 
ever, at that time the concepts and codes that were current in 1939 and 19408! 
assumed local unloading of initially” plastically deformed fibers for 
(Engesser-Kérmén theory). The assumed stress-strain diagram for structrual 3 
ae was then derived from the assumed buckling stress-slenderness relation ey a 
for columns. Tof find the buckling stress for plates, however, the 
MG in such a way that the resulting buckling stresses were 
columns and plates.” This was substantiated by additional data published 
‘in (1947. For a given stress-strain diagram (as in the case of aluminum) 
- these complications do not arise, so that the writer’s computation, for plates ar 
that were plastic was straight forward and In 1947, _ 
_ F.R. Shanley” showed that even an initially straight column should be assumed A ewes 7 : 
to remain ‘entirely plastic with incipient buckling. _ Mr. Shanley’s principle — 
leads to the same conclusion fora plate. 


Tee buckling stresses and wave e lengths | of buckles, predicted in 1938 by 


‘in 1947" 7 and in 1949, 79 as well as by experiments reported in 1946*° me 
Pz ‘Kollbrunner. A summary of tests by NACA, which serves to confirm — 
ae the writer’s work, wa was 3 published in 1948. a At first, the writer’s theory zo 


As ceived scant attention in the United States, but it was observed by A. A. 


Tlyushin® i in Russia. The latter tried to simply it by assuming: Poisson’ 


A 


sumed local of initially plastically ‘deformed regions and tried to 
vw find the exact solution for the boundary surface between the elastic and plastic ro 
My ‘region. - However, he failed in this purpose by starting from a wrong assump- 


j 


Elbridge Z. Stowell changed Mr. Ilyushin’ s analysis by 
the plate to remain entirely plastic, analogous to Mr. ‘Shanley’s principle 

columns.” Hence, the only ‘difference between Mr. Stowell’s computations 

j " and those based on the writer’s theory is that Mr. Stowell assumes Poisson’ “es a 

a a5 ratio for the elastic deformations equal to 0.5, instead of its actual value of 

CF > about 0.3 3. Tt seems useful to state this relation betw een the > foregoing methods 


“"Theory of Plastic | Stability of Plates,” Bijlaard, Publications 
Assn. for Bridge and Structural Eng., Vol. 6, 1940-1941 footnote 10). 


_ _76 “Some Contributions to the ) Theory of Elastic and Plastic ‘by F Bijlaard, ibid., , Vol. 8, 


77 the Plastic Stability of Thin Shells,”’ P. Bijlaard Royal Nether- 
"lands Academy of Sciences, Amsterdam, Holland, Vol. 50, September, 1967, pp. 766-TtS es 


es 78 “Inelastic Column Theory,” " by F. R. Shanley, Journal of the Aeronautical Sciences, Vol. 14, No. 5, 
_ 7“Theory and Tests on the Plastic Suhity of Plates and Shells,” by P. RP. Bijlaard, ibid., Vol. 16, 

% “Das Ausbeulen der auf Einseitigen, Gleichméesig Verteilten Druck Beanspruchten Platten im- 


und Plastischen Bereich,” by ‘Kollbrunner, Mitteilungen a.d. Institut Be Boustatik a.d 


“Prediction and Reduction to of Plate urves, by E. Schuette 
an d J. C. McDonald, Journal of the Aeronautical Sciences, Vol. 15, No. 1, 1948, pp. 23-27. 


_® “Stability of Plates and Shells Beyond the Proportional Limit,’’ by A. A. Ilyushin, PE 
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his to aircraft structures were given by the writer _ 
1949,7* 1950,*- and 1951.% In a number of instances, the 
has explained why, for plastic buckling of plates, the so-called deformation 558 
theory rather than the flow theory of plasticity should be used. The same 
contended by 8. B. Batdorf.* All of these views have been substantiated 
by experiments.”*:** The writer’s theory was especially mentioned as a sound 
basis for design in the conclusions, accepted by the Third Congress of of the Inter- 
national Association for Bridge and eontanet Engineering at Liege, Belgium, 


ELBRIDGE Z. 


_ ASCE, anp E. Lunpquist, A.M. ASCE.—The contribution by Mr. 
_ Bijlaard i is welcome. Much of his work has appeared in foreign journals and © 


hast not been readily available. _ The first time that his work rk came to the writers’ ze 


final acknowledgment is in order to the Column Research It was 


# their suggestion that this paper was prepared an: and presented t to the Society. “a 


_ & “Analysis of the Elastic and Plastic Subir of Sandwich Plates by the Method of Split Rigidities, 
11," by P. P. Bijlaard, Preprint Institute of Aeronautical Sciences No. 259, January, ei tr, Ps 
Vol. 17, No. 4, 


Ibid., Vol. 18, 1951, No. 5, pp. 330-349 No. 12, pp. '790-796,829. 


a On the Plastic Buckling of Plates,” by P. P. Bijlaard, ibid., Vol. 17, No. 11, 1950, 2. 742-743. 
“On the Plastic Buckling of Plates According to the 


8° “Conclusions and S: tions,” Final Rep. of the Third Cong. of the International Assn. for Bridge a q 


Aeronautical Research Scientist, National Advisory Committee for Aeronautics, ‘Langley Fied, 
__ Aeronautical Research Scientist, National Advisory Committee for ‘Langley Field, 
ts: " Aeronautical Research Scientist, National Advisory Committee for Aeronautics, Langley Field, 

Research Scientist, National Advisory Committee for Langley Field, > 

Hamp n, V 


— 
be 
ol 
3 
— 


und 
vader — 
— 
im 

Mr... = 

| 

was 

ety. 
j 

4 
— 
ridge 
field, 
field 
ield, 
wha 
steeply sloped walls to insure the stead 


- 


‘The he Shallow B Bin Theory. —Pressures in a shallow bin can is computed using — 
a rx the Coulomb theory and substituting commonly accepted constants. Pressure % 


a a0. calculations “a be based on a level coal surface i in the bin. This i is pant 9 


Fic. 1.—Typicat Coat Bunker 


: spouts. . In addition, it is assumed | that the coal weight (w) is 50 Ib per cu ft and u 
that the : angle of. repose (¢) of the coal is 35°, which equals the angle of friction 


of the coal against the concrete bin lining, 


Pressure Considering for total pressure (P) on the 


in which h is the depth from the top , of the ona load to the'poin at which pres- a 
sure is to be calculated. In this form Eq. 1a represents iqeid pressure modi- 4 
fied by a factor of effectiveness of the coal. 


Substituting the values in Eq. la wosivod to 10 ono 


P=0. 25 X 25 ht. 


The force (N) normal i the bin wall can be found wad simple iroomety to be } 


Pressure Not Considering the formula 


2 “Structural Engineers’ Handbook,” by Milo Milo 8. Ketchum, McGraw-Hill Book Co., Ine., ) New York, 
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at 


the: unit pressure (Pa) | can be by of 


othe 


SIDES = (b) INCLINED SIDES 


“Consequently, i in order to > obtain the horizontal pressure in — per square 


-Ellipse of Stress 


Fra. 
= 


oo Coal Pressure on Inclined Walls.—Fig. 2(b) shows the pressure conditions on aa = 


=. the ‘inclined walls 0 of a bin. % The normal coal] pressure on inclined walls can be fy 4 
computed most conveniently by use of the ellipse of stress. Theoretical 
E- _ tion of the ellipse of stress can be found in standard texts,‘ but Fig. 3 indicates a 


_ “Design of Walls, Bins and Grain Elevators,” by Milo 8. Ketchum, Engineering News Publishing Co., 
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tified 
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‘tion 
Pa Pf h = 14 ft, and if friction is considered, the normal pressure at h = 14 ft is equal Nt — 
‘thee 10.3 X 
(3a) 
OTE | 
York, 


a 
direct application to coal bins. diagram ts by the 


oe > 1. With point 0 as a center, draw two quarter c circles. Radius 0A represents 
q 


: ea the weight of 1 cu ft of ‘coal (50 Ib) and radius OB denotes the frictionless a A a : 
horizontal pressure of the coal per foot of depth (13.5 lb). It is customary » 
neglect friction on inclined walls of shallow bunkers of exposure 
be. 2. Draw line OC parallel to the inclined wall and line OD perpendicular to 7 ; 
i eae a is the inclination of the bin wall from the vertical. a 
3. The coordinates of point F on the ellipse of stress are determined by draw- a 


2. 


‘ e ae ing a horizontal line DF and a vertical line EF from the intersection of line OD = = p 
with the inner and outer circles, respectively, 
ae _ 4, Line FO now represents the actual pressure p on the inclined wall due toa 4 
ft depth of coal. The normal of f is line OG and the * 


‘Pressures and p; can also in the algebraical form 


can easily and directly. Fig 4 indicates the derivation o 4 


TABLE 1—Coat PRESSURES (IN Pounps Per Foor or 


= 


31.8 || 28.0 $7 | 243 || 68 | 210 || 69 18.2 US 

81.1 52 | 273 || 58 8 || 64 | 205 70 17.8 76 | 15.6 ¥ 

B05 53 | 26.7 59 | 23.2 20.1 71 | 174 O77 

48 | 29.8 || 54 26.1 66 | 22.6 19.6 || 72 17.0 Ss isi «oe 

a 29.2 55 | 25.6 61 | 22.1 | 19.1 |} 73 16.7 79 | 148 & 

286 || 56 | 25.0 62 | 21.6 18.6 74 16.3 |} 80 | 146 | 


this tension force. W equal the weight of coal supported by the | bottom 
and inclined wall, plus dead load; F ‘equal the j portion of coal carried by the wall wea 


7 through een and T equal the net vertical load ath bend- tine in F). The | 


fraction — 


is is then the of T parallel inclined wall, or the 
actual maximum tension in the inclined wall, Bi is s the angle of inclination 


; of the bin from the vertical. AD A more complete analysis of these forces will be be 
found in the s1 subsequent section on design of stiffeners. 
Le! ae The Deep Bin Theory.—The pressures exerted by the coal on the vertical 

7 walls of a deep bin can be conveniently wr 7 the use vate the Assan 


= 

p 

- 

ay 

— 

] 

int 

— 
~ 

q 

4 

7 : 

“ah 
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5 
ula. A readily usable form of this equation® for c circular 


in which (to simplify typography) j= h/R. In Eq. 7, furthermore is the 
~ hydraulic radius, A/U; A is the area enclosed by a horizontal section through a 
_ the bin; U is the perimeter of the same section ; p’ is the tangent of the the angle of 
-frietion, ¢'; pa is the unit horizontal pressure; e is the base of Naperian oan 


rithms; and k is the ratio of horizontal pressure, Pr/Pe. The ratio k is approxi- os 


mately equal to ————. 


have shown that. the r: ratio of horizontal to vertical 


= 35° on concrete and ¢’ 20° on steel plate; = 0.70 on con- 
and = 0.37 on steel. Angle: equals 35°. Substituting | values 


the fe formula for horizontal pressure of coal on concrete bin walls is 


ere! 


‘The for coal p on 1 steel is 


ste 


iz ee function of h/R. Table 2 gives values of ah quantity ir in Eq. 8a f for a Seige re 
of ratios Table 3 gives the actual values (pounds per square foot) 

ae of coal pressure for +a variety of values of hydraulic radius R, Ye 
TABLE 2.—Vauuves oF 1 — For Use Equation 8a 
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- sections, and the p pressure e values | must be ‘multiplied by a ‘coefficient i in order to wait 
& be applicable to square and rectangular cross sections. The hydraulic radius 
_ Ris the same for a square as for its inscribed circle. The area of the square is eo 


Reinforced Concrete Water Towers, Bunkers Silos, and Gantries,”” by W. 8. Gray, Concrete Publico- 
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‘however, than that of the inscribed circle, which means that 

“ square bin carries a a 27% larger volume of coal than a circular one. Conse- 
quently, the values of p, and p, should be computed for the hydraulic radius R- ‘ 
= of the equivalent ¢ circle, the diameter of which is 13% larger than the side of the 


F square, ‘Thus the ‘equivalent hy draulic radius for a ‘square bin is 1. 13 
The pressures on | the wa alls of a rectangular bini in the s direction (a) can 


git 10 | 1 | 2 | 2 | 30 | 35 | 40 5 | 
wa 
=i — 
3. 
3.5 i 60 ‘ i 65 
40 60 
45 60 65 
5.0 | 60 
5.5 | 60 tT 6 
6.0 | 65 6 
6.5 | 65 65 
BLS 8 
8.0 
65 
65 
95 | 65 | 65 
10.5 | 65 Rie 
115 | 665 65 
1220 | 65 65 


be computed as for a square bin with sides a, but in 1 the long direction(b) the 
Pressures are larger and must be computed on the basis of an equivalent square 


bin with sides of a’ = . Setting b equal to mo, in which m is a an 


coefficient ein 7 s larger than unity, a’ can be expressed as = - 


gee 


— Coal Pressures on the Inclined Walls of Deep Bins.—The pressures on the in- 


lined walls of deep b bins can be een eee easily p by use of of the — of stress. 
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120 Be a 3: 340 | 360 
7 365 385 
120 85 | 405 
120 75 | 22 400 | 425 


| 125 | 175 | 225 | 270 | s10 | 350 | 395 | 415 | 445 


0 
‘5 
0 
‘5 
0 
5.5 
6.0 
6.5 
7.0 
75 
8.0 
8.5 
9.0 
9.5 
0.0 
5 
0 
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| 450 500 
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460 510 ry 


to the problem. This is outlined here, with reference 


Plot a cross section of the bin to any convenient scale. Alongside the 
e- bin erect line AC and subdivide this line into 5-ft scale lediaeties starting at “a 
. top. Extend the subdivision lines through the bin and compute the shy —— 


By computation (or by Table 3), determine the horizontal pressure ) 


at each level. These pressures are plotted to a convenient scale perpendieular 
to line AC (line BD, for example). The horizontal p pressure e diagram (line ADC) > 
is determined by connecting successive values of 


__ ¢. The pressure on the inclined walls is formar by constructing anellipse 
tc of stress as described previously. If radius OA of Fig. 3 is drawn to a _ value of a 


_ 3.7, representing p,, and line OB is made equal to a value of 1.0 at the same | 
‘3. scale, representing pa, then a coefficient value for p, can be obtained for the — 


oa given slope of bin wall. The horizontal pressures at each 5-ft level in Fig. 5 are hy 


multiplied by this coefficient to obtain the absolute value of Pe 


an is to 0.27. Substituting 
ratio & has been determined previously oT Taw 
— 
S Pr (in 
— 
— 
240 50 | 470 
450 | 470 
400 | 485 | 5 — 
395 | 303 | 403 | 440 | 470 | 508 530 
Tsu 230 | 365 | 405 4 515 ‘545 
198 | 235 280 | 325 0 450 | 480 655 
5 | 240 | 285 | | 570 
65 125 185 ‘a 465 | 500 540 585 
450 240 295 | 34 | 440 485 | 525 10 
4 ; 190 | 245 575 | 615 | 
& | 190 | 190 | 245 | 300 | 350 535 620 | 
130 | 190 | 245 300 | 300°) Bas | | 630 
190 | 245 | 300 | 350 | 405 pss | 60 | os | 
505 65 130 90 | 250 | 300 | 355 4 555 600 
190 | 230 | 305 | 300 | 410 
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The total normal on the inclined wall i is obtained by a 
normal, component of dead load of the bunker and lit lining to o the he pres- 
 Pable 4 gives of based on pr = 1 = 3.7 fora of a 
common wall slopes. To obtain transverse loading on stiffeners, multiply the 


total normal pressure by the stiffener spacing. loading produces bending 
intl the stiffeners. > 

a 

4 


‘JIG 


ane stnatend form for us use in tabulating pressures is a useful analytical tool. 
_ The suggested table contains eight columns and is — yet was ie The 


Bin, Depth.—The location of the point of analysis below the top 

Sd he Se Bin Ratio. —The ratio of length to width of the bin (b/a) “—-. 
Values.— —Determined from listing in previous section. 
Hydraulic Radius in Short Direction—This equals 1.13 


ei? Hydraulic Radius in Long Direction—Equals times the = 
Correction for Inclination of Walls.—Determined from Table 4 


8 Normal pressure in the long direction. 


‘The conventional flexural theory i is not adaptable to flexible plates that have 
4 me ae _ deflections exceeding half of the plate thickness under normal loading conditions. > 
has _ Flexible plates can carry much heavier loads than ordinary theory would permit — 
because the steel area arou nd the is to carry additional loads 


— 

— 

— 

«CS 

; 

“4 

+ 


through pure tension in addition to the areas near the outside which earry 


= loads by flexural tension and 


it. 


J 57 «1.80 1.56 69 
9 | 21. 1.49 
1.45 
1.42 


The analysis of flexible plates i is given in many books of advanced strength ms 
materials. values of allowable loads for plates of different thicknesses 
a . and a variety of spans, with both free and clamped edges, are given in Table 5, _ 
which is based on formulas and charts» presented by Ss. Timoshenko. Th 
values ai are re calculated for Ib per sq in. allowable stress. 
TABLE oaps (IN Pounps” Foon) 


ad 
iy 
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‘Table 5 indicates of the increased to bending, 


ee flexible plates (unlike ordinary slabs) carry much less load with the ends fixed — Shey 


Bunker plates, riveted or welded to stiffeners, are neither fixed nor simply 
supported, and an intermediate value should be chosen. . Ordinarily j-in. 


s plate thickness is sufficient for all practical purposes. ~ Neither the increase of | 
2 plate thickness nor of the span produces any pronounced variation in the value 


ration 
. ‘and wear, although it is obvious that it adds materially to = load-carrying — 
*Theory of Plates and 
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BUNKERS 
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the and walls equal to T tan 8. 
_ The coal pressures on the vertical and eee apes produce outward sss 


‘anid the horizontal 


a location of the to produce the p proper F,, at the 
intersection. Quite often, however, the location of the horizontal stiffener is 
bi set by other requirements, and consequently a resultant inward force i is created — 
‘This inward force can be resisted by s a horizontal member at te intersection 5 ? 


a. or by designing the broken-back vertical stiffeners to resist the bending created 7 _- 


Component of V, 
\ 


| 


@ FORCES ACTING (6) GRAPHICAL DETERMINATION 


Fig. 6.—ANaLysis OF Intersection oF VERTICAL AND ¥ ‘Fra. 7.—Forces aN Asym- 
Wats oF a Coat Bunker | weTRIcAL Coat BunkKER 


rom) - The maximum moment due to this inward tenae to be resisted by the vertical 


_ stiffener is most conveniently determined by graphical methods. The proce- — 


is outlined with reference to to Fig. 60): nated 


line OD into tw o components, one parallel to the vertical stiffener (OE) « and one 


_ (2) Draw line BA | connecting the horizontal stiffener at point B with the 


‘support at point . A. anqied: lo 100 
bear Lay off the force F, (line OE) above point A (line AC) and determine 
t force component parallel to the connecting line BA. ADUAKO tee 
(4) The maximum moment is determined by multiplying the parallel 
~ component of F, (ine AG) by the perpendicular distance (d) | from line BAto _ 


Design the stiffeners the combined effect of this moment, 
the negative moment due to the coal pressure, and the maximum tension 


q 
‘The ideal case occurs when the sum of tan 6 
. 
— | 
| >> 
— 
— | 
x 
BS 
|| 
— > 
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- T/eos8. The bunker plate and the stiffener 
_ should be designed as T-beams. ber: od Bluads 


In case the inclined walls are of different the will tend to 


assume a symmetrical shape. _ This tendency to overcome asymmetry produces 


4 ant unbalanced horizontal force. The amount of this horizontal force ¢ can be 


_ Divide the bunker into two parts by means of a vertical line through | at 


“bottom opening, and compute the coal weights (W and and the of 
goal 


arried by the vertical walls (Fiand F:). = |= | 


: 


| 
_,Moment Due to Reactions ag 


Fie. 8.—Moment Diagram For GIRDER Fra. 9.— Moment 


The force on the inclined wall is the sum of the coal weight and dead load e- 
Y minus the weight of coal carried by the vertical wall. If this value is computed 
oe for both walls and the he horizontal components found, the difference in uhorisontal = 
components s of the two walls is the unbalanced foree to be resisted. 
This can be gooomnplished by providing one or more horizontal girders on 
inclined walls, 


at the case of as: asymmetry, however, the reactions of the horizontal =n on -S 
é «é struts are opposite but not equal, and the difference between these reactions _ 
creates concentrated loads on the girder that spans between endwalls. 
5 ae Fig. 8 shows the moment diagram « of a typical horizontal girder with two ee, 
strats, This diagram indicates moments for bending due to the reactions of pee 
_-vertical girders and for the ‘differential reactions of the struts. The two 


moments then are superimposed i in order to obtain the r maximum moments. 
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BUNKERS 


bene . section should be | designed by the t use of continuity principles. In thin 
method the upper horizontal girder, which supports the flooring and the coal 
loading, or with the bunkers fully and partly A 


These moments are used in the of the nity 


this paper. _ Extensive studies conducted pra imply that, the ratio 


horizontal to arene pressure (k) is not a constant but varies with the depth of 


stored material and with the shape of the bin. The filling and emptying of oe 
= = the bin produce different pressures which do note seem to follow any regular pat- | 


wh. “The actual stresses in the plates a1 and are much less than the 


a computed values. _ The effect of the gunite lining on the > plates, t the composite 8, 
oa T-beam action of the beams, the probable diaphragm action of the walls, , and the aes 
_ stress-reduction effect of the tangential forces in the plates as expressed by 
Ky 
Re simultaneously, thus greatly 1 reducing the stresses in the individual members. 
Actual strain-gage measurements on a large | bunker suggested the presence of 
low stresses in the bunker plates. | 
eee use of the foregoing analysis, with the exception of formulas for coal — 

a. pressures, is not recommended for the design of reinforced concrete bunkers. o 


“ Concrete bunkers with rigid plates and no stiffeners for walls are most conven- ey: ‘4 


Poisson’s ratio all characterize a complex structure in which all members act _ eS | 


Design the analysis of coal bunkers 


= have been presented. uf Several figures and tables are included i in order to facili- s 
is believed 


nouvelles sur les efforts par les matiéres pulvérulentes ensilées sur les parois des 4 
silos,” Reimbert, Annales de l'Institut Technique ou du Batiment et des Treseus Publics, Panis, F ranee, 


Plate Co: on,” by George ‘Winter -Minglung Pei, American Concrete netitute 
4 Journal, Vol. 18, | 1947, > "505. 
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foregoing theory and analysis of large coal bunkers furnishes practical | 
solutions for safe and economical design. Investigations and field measure 
— (| 
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| me COAL ‘BUNKERS 


DISC lew’ 
Buancuarp,!® M. ASCE.—The first recent attempt to make 
“available to the designer a modern and practical solution to the problem of coal | 
_ bunker r design is presented in in this | paper. The author refers to studies made in “al 
France and, in particular, uses one of the formulas proposed by M. Reimbert a ; 
made to extend the cylindrical deep silos oS pressures s equations to square | r 
writer wishes to emphasize the fact mentioned by Mr. Rogers that those 
studies," which were originally based on experimental research, have proved 
that the exponential expression as used by Mr. Janssen was inadequate for 
computation of pressures in tl he upper zones of a bin, gave results 
below those measured experimentally.!?_ Albert 
elaborate and complete mathematical developments, has. evolved an 
method and practical formulas, the results of which appear to corroborate 
- dlosely those obtained with Mr. Reimbert’s method. _ The writer has had the As 
“occasion to use both the Reimbert and Caquot methods in ‘specific cases of 
ee. _ It has been found that the percentage of discrepancies between the see, 
two was so small as to be unimportant. ¥ ‘On the > contrary, the use of the J Janssen n 
formulas has led, for ‘example, to ation of pressures and tangential 
- forces at wall faces of more than 33% less at depths of 10 ft from the top to _ 
(10% less s only at 80 ft down from the top. According t to reliable authorities, — 
p _ there lies the main reason for certain. types of disorders observed in the upper ; 
_ sones of deep silos built in reinforced concrete. The paper deals with struc- i 
‘tural steel bunkers specifically. Therefore, the remarks may appear ‘somewhat 
asa superfluous refinement, considering the arbitrary assumptions, with ques- 
 tionable degree of accuracy, which are often accepted as regards the charac- re a 
ae the material to be handled and the conditions of the wall’s face. It in 
ne is obvious, however, that an important underestimation of the lateral pressures — if mat 
and forces should be avoided consciously, particularly in the upper part of such | 
=" complex structure as a coal bunker of large capacity, where the solicitations ase) : -_ 
of ‘the structural elements a are multiple intense under constantly variable 
service conditions. The purpose of the present comment is to draw the atten- ‘ 
tion 0 on this particular up some > additional precisions t to the 
The needs of more elaborate and precise methods of structural design cannot a 
be emphasized too forcibly to prevent the temptation of the designer t to com 


1 **Recherches nouvelles sur les efforts exercés par les matiéres pulvérulentes ensilées sur les parois des ay uit 
Reimbert, Annales de l'Institut Technique du Batiment et des Travaux Publics, Paris, France, 
“Etude expérimentale et théorique des contraintes dans les ‘Bilos, by Maurice Buisson, 
Paris, France, April, 1943, p. 129, August, 1943, p. 290. Vi 


raité de la Sols, " by and R. Kérisel, Gauthi 


™ Discussion by G. L. of “Design of Hexagonal Bins,” t 
December, 1950, Part 2, pp. 34-46 
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Auexanper M, Torrrz, 15 M. | ASCE, —In ‘addition to the “statement 4 


he cea atte sizes or in 1 the quantities of critical materials, particularly at the 
ia The author’ s paper, in that respect, is a valuable contribution to the improve- G 
of methods of design accessible toa larger ‘number of structural designers 


(under the the heading, ‘ “Coal Pressure’ ”) that— 


he “The. ahéllow; bin theory i is 5 applicable to smaller bins where the plane of | ts 


: rupture does not intersect the opposite wall. For most large coal bunkers, = 
however, the deep bin (or silo) theory is applicable.” 
the author sk ‘should have given a definite criterion ora procedare & follow in 
_ After the capacity and the shape of ‘the coal bunker is dciocmined, ‘the a 
designer is is confronted with the problem of determining whether he ‘should 
- follow the shallow bin theory o or the , deep bin theory. to compute the | pressures 
‘ exerted by the coal on the bin walls. An analysis of the plane of rupture and 
- the derivation of tl the criteria for both Las shallow w bin and a deep bin a will indicate 
Ww hen to use one or the other of the two theories. It is generally conceded that 
- when the plane of rupture intersects the surface of the coal, the bin i is called a 
‘shallow bin. Iti is assumed that the mass of coal i is unlimited, or at least of 


. 2a sufficient anthed so that the outline of the e sliding wedge (that i is, a wedge havi ing Pa 


the wall as one side and the plane of rupture as the other side) is not interrupted. 
“Te The closer th the walls, the more erroneous the shallow bin theory i is; j and when 
the walls are so close together that the plane of rupture does not intersect the 
_ surface of the coal but falls on the opposite wall, the weight of the coal is largely +. 

ant on the sides 8 by f friction. The deep bin theory m must be wed to deter- 


she 


mine the pressures exerted on the bin walls. According to the Coulomb ebeoeyy 


the plane of rupture lies between the angle e of repose 0 of the filling and the back of 
the wall. _ For a wall without surcharge (surface horizontal), the plane of rup- 


: —- bisects the angle between the plane of repose and the back of the wall. 


— 
* 
— i 
— 
— 
F 
— 
— 
| 
ii 
{ 
| 

| 
f 
5 
— 
3 4 
— 
— 


COAL B BUNKERS 


id. 
Solving for z in Eq. 11 and substituting in Eq. My 


hen the angle of r of the is equal to 35 


-* - Eq. 16 shows that when the ratio of the height to the width of a coal bin is 
=| less than 1.9, the coal bin is called a shallow bin and therefore : a shallow bin t 
formula should be used to determine the pressure. 
For a hopper bin, a graphical solution i is the most convenient. . The pro- | 
cedure to follow in determining whether a coal bin is a bin or a 


bin, with reference to Fig. 11, isaefollows: 


Draw a transverse cross section of a bin to any convenient scale. Hit 
| ’ 4 . From the lower left corner of the bin, plot with a protractor a an angle of 

62° 30’; the plane thus formed is the plane of rupture. 
Tf the plane of rupture does not intersect the wall of the bin; the’ 


a nection with the deep bin theory i is emphasized by Mr. Blanchard, who ey 
=. to the works of the outstanding French engineers, M. Reimbert," M. Buisson, 2 

and A. Caquot and R. Kerisel.” It is true that the Janssen formulas had 

beer developed for circular bins only, and their use, without corrections, for _ i. 


_ square and rectangular cross sections is definitely fallacious. This is not rec 


16 
tructural — Engr., Sargent & Landy, Chicago, il. td - 


Fig. 10 illustrates the relation between the angle of repose a, for such acase, — 
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however, because, through mathematical incongruity, the 


become obvious that Mr. s pioneering formulas are not 
eg curate e. Iti is believed that the findings and advanced theories of the French 
scientists should be presented to the American engineers. This is a problem, 
how ever, in the realm of the engineering mechanics and cannot be in 
the : scope ofa practical pap paper dealing with actual design. 
_ Further experiments have been conducted by the Institut Technique du 
"ai Batiment et des Travaux Publics, under the direction of Mr. Reimbert, with _ 
ee "particular emphasis on dynamic sad impact forces acting on the stored material Mi, : 
s. in the bins. Much is to be learned yet about the internal stresses, especially — 
¢ - in very deep bunkers where a 50-ft or 60-ft “head” may materially change a 
the density of the coal. The density of “cyclone” boiler coal is considerably p 


i = greater than the ordinary kind, probably because of the dust particles, and it 
om is advisable to increase all tabulated values by 20% when such coal is ea 
4 _ Accurate information as to the value of the internal friction and the angle 
=" of friction between the coal and the wall should also be forthcoming. Mr. 
Turitzin emphasizes the necessity for a clear definition between the shallow 
and bins. ‘His suggestions are practicable for bins with vertical walls 
au and, in accordance with the classical theory of equivalent fluid pressure, for 
granular materials. However, the reduction of the coal pressure 
zi from friction between the coal : and the > wall is applicable e even for shallow w bins. ¥ 
a. The governing factor i in the « design o of coal bunkers is not the coal pressure — aia 
but: the tendency of the bend line to straighten. This tendency is partly” 
counteracted by the coal pressure. the assumption of unreasonably 
large’ coal pressure may not produce a safe - design because it may reduce the 
_ The importance of these inward forces cannot be overemphasized. N Not f 


_ only does analysis show their existence, but also the measurements and we ae 


ef 


WwW 


-movements of models and prototypes definitely prove their actions. Several x 
cases are known whereby the opposite bend lines were connected by limber — 
_ “ties,’”’ presumably to restrain outward forces. In each case, these slender mem- — os 
i - bers failed in buckling. _ The distribution of the forces and moments in bunkers be 
is not unlike inverted gable frames where the moments are produced by the = 
oe of the pressure line from the actual shape of the frame. bord. ce = 
The foregoing discussion would imply y that the ideal bunker is what | is 
’ commonly known as the catenary or suspension bunker because, under ideal 3 
loading conditions, no moments are -present—only pure tension in the 
‘There are numerous objections to these catenary bunkers, however. There i 
no accurate theory giving the shape of the bunker. The commonly used 
triangular loading, as it is given in older textbooks, is - definitely Anedsqnety 
because it disregards the coal pressures. Should one attempt to obtain a * 
_ reasonable funicular polygon, by a cut-and-try method, based both on vertical ee 
and horizontal forces, there still would be many uncertainties as to the value ¥ 


of such forces. Catenary bunkers are not and there is a constant 


be 
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ew gy A large part of the capacity is thus lost, and the bunker is s eonsider- 
ably stiffened instead of being elastic. The fabrication is costly; the rolling of 
the steel plates and stiffeners to > the exact catenary ry shape is quite | difficult; pay 


and substitutions by circular arcs are ef 
al When catenary bunkers are loaded, the sides bulge outward and the bottom © ey a 


moves upward. Consequently, the outlet connections must be flexible to 
allow for these vertical movements, which may amount to several inches. oe 
Unsymmetrical cross sections are impossible with catenary bunkers, thus 


— 


foregoing difficulties indicate that the of the catenary 

bunkers far outweigh the advantages due to reduction of bending moments. = 

_ Considerable savings can be achieved by proper layouts | of regular bunkers — ca a 

>: composed of straight sides. If the side walls are on a column-1 row, such walls % ge er. 

- also act as deep girders between columns and there is no need for supporting © . 
4 beams. . More than a dozen large bunkers (up to 2800 ton capacity) have been ate i 


"designed and built based on the principles expressed i in or paper, and all of 7 Pa 
them were operating very successfully in 1952. ghia 5 
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Wir Discussion By Messrs. G. C. Ernst, J. J. Hromapix, anp 


Swiart; He Hersert A A. . SAWYER, ‘J. J. AND ARSHAM 


_ Appreciable savings in materials and it in the cost of a structural framing can 


7K be assured by the use of elements having tapering ¢ depth o or flanges. “Ww edge 
beams” can be substituted for members of constant cross section, as normally 
utilized in conventional framing, by introducing a series of hinges or joints 
limited moment capacity. In a rectangular framing, the hinges are placed at 
_ midspan of the horizontal members and at the base of the columns, and the 
sections are tapered from a maximum at the rigidly ¢ to 
minimum at the hinges. 
_ ae analysis of the ‘ “wedge- beam” framing remains in the eae of eek 
_ cally indeterminate structures. However, in comparison with rigid or con-— 
tinuous framing, it involves the solution of a relatively small number | of un 
knowns, consisting of hinge reactions in the alternate bays of a given frame. ; oe 
__In this paper suggested arrangements of wedge-beam framing are outlined, __ 
the range of application is discussed, : and a method of analysis is presented. ea 
ae and tables, as well as a simplified procedure of solution of simultane-— 
¢ 


ex 
ous us equations, are also given to facilitate the ones computations in 


‘ 


= dither | rigid-end o or r simple-end connections, follows an n irregular course. 


in the location of the maximum bending moment as well, in accordance | with 
am the condition and the rf position yn of the imposed loading. bb the case of rigid — 
= framing, the flexural pattern is further affected by the changes in the relative 
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pattern. — As a result, material could not be used efficiently i in i ebieidentlinka) ar- 
rangements of framing. This fact, in turn, suggests a re-examination of present _ sc tom 


pens for proportioning ‘the several sections) i is not as hopeless as might first ; 
_ appear. . A possible solution is already suggested by the flexural behavior of a 
~ member in a continuous framing. WwW hen the sections of the ‘member, originally : 
; having a constant cross section along the span, are increased near its supports, _ 
the moment ordinates under a given lateral loading will increase correspond- F. 
ingly toward the ends of the span and decrease at the middle. _ Furthermore, — 
if the increase in the end sections is accompanied with reductions in section at _ 
ue the middle of the member, , the resulting changes i in the moment ordinates i 
ee ervations it is not difficult to 
~ conclude | that, as the shape of the member i is changed from its original outline 
3 constant cross section to that of wedge, the bending moment diagram will 
— correspondingly from the initial irregular outline of reversed flexure to 


the familiar | pattern of single flexure—as obtained from two simple cantilevers. 7 


= provides a method of establishing a consistent stress pattern to to which the fram-— 
Eerie is closely fitted. . The n resulting arrangement a assures more advantageous Ss 
Sein of the materials of framing and thus yields appreciable sities in weight 


and economies in the cost of construction. a te 


In general, wedge-beam framing may be defined as a composed of 
wedge- shaped members provide a consistent or controllable stress 


soy 


at 


r this purpose use is made of a hinged connection, or a a joint of | ae 
io small pear capacity, at the tapered or narrow end of each member, to form 
< = a series 8 of fixed inflection rene in | the flexural path of a — under any 
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Thus the resulting 
arrangement is not fully continuous, as in rigid framing, ¥ nor is it like a simple 


framing where joints are assumed to no resistance. 


B Tue Basic ELEMENT oF FRAMING 


ane a wedge io is essentially a framing member of variable cross section, 


_ The variation may be due to either a a a single taper or or a double taper, 7 


Af 
| 


_ 
(@ SEGMENTS 1 AND 2 WELDED TOGETHER 
Ka oF Forminec a Wepce Bram FROM “Fra. 3.—SUBASSEMBLIES AND 


outlines of th the web and the of the That is, a wedge a 


a straight line; howev ever, | in some ‘cases, a curved may also be used. 
: 2.0% In cross section, wedge beams may have the same shapes as those normally 4 
» “utilized i in structural framing—namely, an I-section, a channel section, and a 
rectangle of either solid or hollow section. — . Some of these shapes and outline s «© 
A wedge beam may be constructed of steel, concrete, or timber. In the a 
of ‘steel, any desired shape and outline can readily be obtained by welded 
-pilatin . Rolled steel I-beam sections can also be used in building a wedge of 
constant width and of tapering depth, as indicated in Fig. 2. For concrete — 
4 construction, hollow and solid rectangular sections can be utili zed i in obtaining — 
desired widen the former section being particularly a adaptable 
Pe, Components si Pein and the manner of assembly are shown diagram- 
oy matically in Fig. 3. For reference purposes, , the main assembly may be con- 
a sidered to be composed of a series of statically ; determinate frames called — 
re “simple frames.” A simple frame, in turn, is composed of one or two sub- 
assemblies each of which is formed by two or three wedge 1 members rigidly 
— at their butt ends. two-member subassembly conforms avon inverted 
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— | 
— 
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— 
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: 
— Bey 
— 


Loutiine, and is thus called an ” he arm of an 

_ extend either horizontally, as in Fig. 3(a), or may be placed on an upward ites 
asi in Fig. 3(c). A three-member subassembly has the outline of either a x 


or a Y 3(@)) and is, accordingly, called “T-segment,’ ‘or 
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5.—Types oF Comrection 

in n each bay of the framing. certain cases it may be 
x _ ‘Recessary to to use an unsymmetrical arrangement—in elevation as 3 well as it in cross 

section—to conform to a given building outline (such | as the unsymmetrical * 

> gable framing shown in Fig. 4(d)) or to obtain a more economical design. gore, 


Nae elevational outline, wedge-beam framing is adaptable also to buildings ih 


where the roof m: may y have an outline differing from that of a flat or sloping roof. iwi 
Two examples of this case are shown in Figs. ‘4(b) and4(c), 


As stated in the preceding section, the in a wedge-beam 


connected by a at the butt end and a hinge at the tapered end of 


— 
— 
on. composed, respectively, of two L-segments, two T-segments, and a combination 

ing an L-segment and a T-segment. Fig. 3(h) shows a framing assembly con- one — 
ot sisting of a T-segment linked to a simple frame at each 

— 
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| WEDGE-BEAM FRAMING 

Theoretically, the hinged should have no moment 
“4 resistance since their use is intended to provide fixed inflection points in the 4 ; 
as. stress pattern of a frame. In certain types of framing, it will be feasible “so 
‘design a connection that will nearly satisfy this condition of restraint. bi How- a 

_ ever, if the detail for such a joint should entail much expense, then use may be “a 
Sey. made of a so-called flexible connection or a joint of limited rigidity. A Joint ~~ he 


gussets ‘dip Detail (b) consists of aw elded link bar 


of narrow width. Detail (c) is a simplified hinge connection, consisting of two. 
_ overlapping end plates and an ordinary bolt. Detail (g) illustrates a simple | 

anchor-bolt connection ‘suitable for use at the bases of steel columns. af Details 

(f), (h), and (2), Fig. | 5, are e applicable in concrete construction. on. Of these, 

detaiis (e) and (h) are similar to the semiflexible hinge of A. Mesnager.2 De- Be, 
tail (f) has the advantage ofa simplified construction but it is also subject 
to cracking; and it may be used where appearance is not of prime impor- ae 

tance . Detail (i), Fig. 5, is suitable for use at column bases where no “a 


uplift is present. 


_ Wedge-beam framing can be utilized i ina variety of building frames of steel, 


concrete, or timber. It is adaptable to riveted and conventionally poured-i rvie’ 
place concrete and, more particularly, to welded-steel and precast 
concrete construction. It can be used in tier- -type, multistory frames and, ‘still ay 
more advantageously, in single-story industrial buildings. These applications 
S. result in in large reductions in in the weight of of the framing materials, as well” 


as in appreciable savings in construction costs. In 1 addition, wedge- -beam 


framing provides a framing outline of pleasing 
ed in Part 


~~ two or more simple iesnens are linked sec to form an assembly, the 
_-Tesulting arrangement becomes statically indeterminate. . Accordingly, the 

analy: sis of a wedge- beam framing 0 of two or more bays falls in the category of 

‘statically indeterminate structures. However, in comparison to rigid framing, 

_ the number of unknowns in a ey ate framing is relatively small. se 
- unknowns consist of the two hinge reactions at each joint of linkage of adjacent — 2 

simple frames. , determine the values of these e hinge r reactions, it is first 

necessary to establish their interrelation. This is s obtained from the simple 4 > 

- consideration that two adjacent simple frames will have the same deflections i, 

4 at a common link. A The next step then is to solve the resulting series of simul- o 


taneous equations. More re specifically, , the procedure to be followed in the = 
analysis will consist of five steps, as follows: = 8 
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be, 
= @apacity is Overcome. Some suggested details coniorming to this concept are 
= 
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i. 
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a 
= 
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indicate two unknown hinge reactions at each joint of inter-— 
connection or linkage. This step will r result i tina series of statically ¢ determinate 
frames, each frame subjected to unknown H-forces and V- forces on + 


fe pee and vertical deflection at each joint of Aria of 


general, four equations per simple frame will result. 
Equate the deflections of adjacent simple frames. ‘he so equating, aset 


_ §. From the equations in step 4, obtain the values of the unknown hinge 
reactions. This now be elaborated in its to various 


a DETACHMENT OF SIMPLE FRAMES AND THE DETERMINATION OF a 


Tun 
NUMBER OF Unknown Hiner REACTIONS 


The subdivision or the cutting of an assembly into component 
BS - frames does not require , special rules. In most cases, the separation is made in 
a every other bay of an assembly, beginning i in the second bay. For assemblies oF 
having an odd number of bays, such as in Fig. 6, the separation will —, 


cuts, n indicating the number of if 


Jeu 


metrical, as in Figs. 6(d), 6(é), and 6(f), the number of actions 
at the cut joints will become n — 1. If the loading and framing are sym- 
metrical, Fi 6(a), 6(d), and 6(c), of the unknown hinge r 


“If the loading ‘and the are 

be as indicated in Figs. 7(a), 7(b), and 7(c). 
ppv om the symmetry of arrangement and thus reduce the number of the hese 


& _ corresponding unknown hinge reactions to a minimum, the assembly i is cut in 


_ two adjacent bays at the center to form a T-segment. _ The number of unknown: 7 ae a 
reactions for this group of assemblies i is given by n/2. 


ent 
the 
= 
be 
ing due to Unknown /7-force and V-10rce, as Well as Ohe Under the given loadin 
are the frame. This will result, in general, in five diagrams, 
ion a expression for the hori- 
ple 
ails 
se, — 
net 
it 
‘el 
ons fm 
vell 
4 
nd unsymmetrical, Figs. , an , the severance Of hinges in > 
er, natine have will result in n/2 simple frames and one L-segment having two 
the 
ng, a 
ese 
irst 
a 4 
ple 
—— 
ul- § arrangement, as applied to a three-story frame, is shown in Fig. 
—_ Development.—In general, two equations can be derived from the twode- 
at each connecting joint of adjacent simple frames. As stated inthe 
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WEDGB-BEAM FRAMING» 
s preceding section, these are obtained by equating the horizontal and aera de- - 
flections of the joint from one frame to the corresponding expressions in the other 2 
aes a The deflection ofa simple frame is given by ~ familiar expression: sen 
in which Ap is the ) deflection of a joint D, “measured in the desired direction; = 
Mi is the simple frame moment due to the applied loading; m, is the simple ae q 
- frame ‘moment due to a unit load applied ¢ at the joint in the desired direction a i 
ad the deflection; ds is an element of length; E and J are the modulus of elasticity _ ane a 
and the moment of inertia, respectively; and the summation includes all the yO {i 


; pie pe Since each member of the framing has a rigid joint at one end and a hinged a 
ae connection at the other, the bending moment diagram of each member is Ne ia 

: similar to that of a cantilever beam. The moment may be due to an end “ii pe pe ue 


by such as the hinge reaction normal to the axis or end shear, or to a given loading pi - 
as applied between the two ends of a member. Let Py represent the end force, Re cua 

or the normal hinge reaction, which produces the simple moment M, in a 

me — and let pm represent the end force producing a moment m,. = a ve 


the contribution of a member to the deflection of the simple frame, Eq. 1,may 
be considered A, of a subjected toa load Py Dm at 


1 which k is a on the shape of the member; is the length; 


‘ and J is the moment of inertia at the tapered end of the member. Formulas 
k corresponding to typical loadings are given in Tables1to5. | 


The deflection of a member due to a loading applied between the ends i is the 
= same as of a simple cantilever. For P, , the expression is 


oh which kp is a constant depending on the shape of the member and the position 
the load. ‘Similarly, for a uniformly distributed loading w, the expression is 


kw being the shape the load constant for this case. 


With this c concept, to obtain the deflection 5p ofa simple frame, one need only 
wk up the deflections A of its component members, as given by Eqs. 2 and < oe y 


‘Special Case.- —To illustrate the procedure, consider first the Telatively 
simple cases of framing that contain only a few bays, su such as: - (a) The three-bay a £ 

| = with symmetrical framing and loading; (b) the three-bay frame, with © =i 

Ba symmetrical framing and unsymmetrical loading; (c) the two-bay frame with ys ‘a 

= mmetrical framing and loading; and the four- bay frame 
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_ FRAMING AND UNSYMMETRICAL LOADING 


‘Fie. FRAME WITH SYMMETRI 
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ing, the vertical hinge reaction at the center of the middle bisa beam i is zero, 


unknown force to be. determined. "This force. may be obtained from the equa- 
=” ay tion of horizontal deflection, Aye, at the center hinge. _ For this purpose, = 
| simple frame moment diagrams due to H» and w, are sketched as shown in 
‘Figs. 9(b) and 9(c). By substituting 1 for H2, Fig. 9(b) will also j give re the simple 
frame moments due to a unit horizontal load at the center hinge. Then, to 
determine the contribution of the five members in in one oie of the frame to tothe 


deflection at the center hinge (by Eqs. 2and 3): 


for member 


Since A. - + + As + Ay = Ane 


~ 


ky ks 
moment sign is the direction rotation of the forces ab 
‘the rigid joint of a member. A clockwise rotation is plus (+) and a + counter 


clockwise rotation is minus (—) = 
(b) Three-Bay Frame, Symmetrical Framing, Unsymmetrical Loading - 


— 


oad in n only the first bay. Because of the day mmetry of loading, there are 
unknown hinge reactions, and V, at the center hinge D. The simple 
O.. moment diagrams due to these two forces are shown in Figs. 10(b) and 
10(c) The simple frame moments due to the loading in the first bay are as ee 
indicated in Fig. 10(d). Moments caused by a unit horizontal and vertical — orn. 
; at hinge Dd are given in Figs. 10(e) and 10(f), respectively. With these 
values, and applying Eqs. 2 and 3, the horizontal deflection at hinge D is 
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a 
Fig. j is composed of a simple frame and an L-segment. The two hinge 
_ Teactions at the cut joint D being interrelated, there is only one unknown force — 4 


H) that needs to be determined. Using the simple moment 
Shown i in 11(0), and Eqs. 2 and 3, 
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+ + Aap pte =App=0, 


@ Four-Bay Frame, Symmetrical ‘Framing and Loading. —The fra 
a in Fig. 12(a) illustrating this case is composed of two simple frames and a 
al i T-segment. _ There are only two unknown hinge reactions (namely, H and V) — 


at joint D. Their solution is obtained from horizontal and vertical deflection — 
- equations at the same joint, using the simple moment diagrams i in Figs. 1200), 


(12), and 12(d). the deflection at hinge D are 


> 


Ain + Men + + + = = 
the hinge are found by 13. Likewise, formulas 


we (14a) 
¢ Aov = 


2w 


a 


< 


J 


With Avp = 0, the values of H Vat 


the hinge are found by ‘combining Eqs. 1 14, 


+ General Case. _—The more general case is represented by the deflection equa- 
_ tions at a hinge linking two — frames i in n the interior es oft a users 


Since Aip + Ay 
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4 diagrams with those resulting from unit horizontal force at hinge 4. Asa guide 
in setting up the desired deflection equation, the contribution of each member 
Ef to the deflection at the joint under study is given in in Table 6. Sy mbols C nel 
Col. 2 denote the quantities— 


on equations at the hinge in in the fourth or connecting bay, a effects oy 
of the six hinge reactions, and the given loading i in the third bay, 
must be considered as indicated in Fig. 13(b). The corresponding simple a ° 
‘moment diagrams a are shown i in Figs. 13(c) to 13(9). To obtain the horizontal af 
deflection, Aya, it will be necessary to combine the moment ordinates of these an 
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applied to (Table 6(b)). 
when by | the and 


— 


all ‘os. 


~ 


Liz “that member. The sum of 

result in the typical deflection expression St the six unknown 
reactions. The subscripts L and R in Col. 1 refer to the left and right 
of horizontal members, the two segments in each bay being com- 


bined into a single item. The expression for horizontal deflection (Table 6(a)) 


+ Bae 2) + Buss V Vase is Q= 0.. 


a 
= or the C in ‘the senpestive columns of Table 6(a) and Table 
 6(0), and Q is the total load coefficient, obtained by adding the (C w /* t)- values. 
and tl the (CLP t)-values of the load columns—thus: 
* On-2 = h [Cirs Tala—91 + + Cs 
= [Ci + Cy Sn(n—2)4 + Sn(n—2)5.] 


in which r, , 8, and ¢ are numerical al coefficients, and C: = = hls (see Eq. 15a). 3 


The symbols a’, B’, and Q’ designate the corresponding for the V -equa- 
tion, and are obtained from the data in Table 
_ The beam framing in each bay (that is, the two beams constituting the 
horizontal 1 member) is assumed to be symmetrical. " In general, there will be 
re ms ” “little reason for shaping the two wedge beams in a given interior bay differently. 
_ How ever, should the shapes differ, then each beam will have a different C-value. 
Ina addition, if the hinge is not located at the center of the span, the r-values and — 


the s-values will also differ for t two beams i the is also be 
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ie those shown in the sketch in Table 6, additional components from other affected a 

ae members will be needed. The simple moment diagrams for some other condi- 

tions of loading are shown in Fig. 14. The components 0 of @ due to su such load- - 


these ecefficients fora typical in interior of a The same 
data for end bays i in two . arrangements of rectangular framing ar are given in a 
‘Tables 8 and 9. With the aid of these tables, it is possible to write the deflec- _ 
tion equations of the unknown hinge reactions of a frame without the necessity — 
of supplementary computations. : All that is needed for this pur purpose 2isa sketch 
- of the frame indicating the properties of the members and the locations of the | 

. | unknown hinge Teaction. Then. Eqs. 16 are written by using 1 Table 6 as a guide 

formulate the a-coefficient and the B- coefficient defined by Eqs. 
Brample. —Obtain the deflection equations for the frame shown in Fig. 
e 13(a), assuming equal spans and shapes for all members. - Omitting C from : 

2 expressions (since it has the same value for all members), and using Table 8 


of Ay Vo He and are ¢ obtained Table 7 as follows 


h H(t) = 19; 


= 164) (0) +1 + (0) =0; 
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the of for an initial or approximate duiga, 
ie it will be satisfactory to use the simple moments of the the component simple 
ae. frames of an assembly. In most cases, the . wedge-beam sections obtained from 
these moments will not differ materially from those required by the corrected — 
momenta of the final or exact analysis. This fact, in itself, constitutes a great 
TABLE 9. —ContRiBution or MeMBERS TO DEFLECTION OF A 


= Bays or REcTANGULAR FRAMES ‘WITH AN Even NuMBER 
or Bays (Horizontat Deriection at Jomnt 1) 


Loap Coerricients For 


‘Member 


‘Un 


h Hal ls Vs (1 — as) Is Ps | wo ht 
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=kh5. Coefficients H and V for Am. 


_ advantage seldom afforded to the designer i in the analysis of rigid or continuous ~ 


“ frames. In other words, it is possible to prepare an approximate design of — 
sufficient accuracy with the ease and in the analysis 


in general is that the analysis is difficult. The” 
aversion 0 of the average engineer to the so-called ‘ ‘intricacies of refined analysis” a: 
4 and, more particularly, to the task of solving simultaneous equations incidental — a 


which necessitates the use of machines. 


in 


ti 


| 
— 
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a 
aay = 
4 Since the a 


analysis of wedge-beam framing remains ‘essentially i in the of 

_ minate structures, the extent of its popularity by most designers will no no doubt — 

be subject to the same considerations as those for continuous frames. 
aoe The simultaneous equations derived in the analysis of wedge-beam framing Role a 

are re relatively of a simple form. _In most cases of Gonlee, where the arrangement paap 


2 


"solution of the correspondingly small number of unkeewne. will involve little _ 
However, in other of framing or conditions of 


Simpli fied ‘Solution — Consider ‘the ty pical ‘expression (see 16a): 


a 


which was obtained by oquating the relations for horizontal deflection at two ti 


sides of an interior bay joint. ~—6«dAtis characteristic 0 of this 3 expression (as will be - 
noted by examination of data in the corresponding tables) that the coefficient — 
of H—that is, the horizontal reaction at the joint under consideration—is 
always numerically larger than the coefficients o of the other \ unknowns of the 
- equation. _ Then, for - simplicity of reference, the relation can be referred to as 
the H,-expression. Furthermore, H, can be considered as the principal. un- mh 


known and the other reactions as the secondary unknowns of the eee 
"Similarly, each of the latter forces, i in turn, will become the principal unknown © 


ie solving for the value of es it will be cee that its final value, Ww is “A 
obtained by oummation of wre q, defined as follows: 


a) 


+ Qa: + Bad's + ges + Bud 62).. 


i, 


In Eqs. and 21, also, “are successive increment 
values of Va qa, 9: Qxn—1) are anes of ‘ete., similarly « obtained 
the respective expression and corresponding cycle of increment operation. Px 
Since the quotient of the numerical coefficient of the secondary unknowns: 


to that of the principal unknown i is a small fraction, the values of the § successive 2: 
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of multiplication. a few increments will sulfice 4 


Numerical Example.— Consider group of six equations derived 
for the bent in Fig. 13. He , will be assumed that h = 
members are of like shapes. Then, Yo 


22 can be rewritten in the form: 


itial values of the the unknowns, or for’ the first inerements, ‘Gs 


sits 


Similarly, third ‘obtained the. fherements, are are as 
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at 

Likewise, the fe fourth, &ifth, and sixth increments obtained: 
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Ve 


From the sixth inmaneens it a appears that no further op operations are needed. 
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For further simplification, the necessary operations of the s solution may b may wad : 


in tabular form, as indicated i in 15. 
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The wedge- beam framing system was an measure to 

_ conserve critical materials of construction. Its presentation here is predicated __ 
on that same consideration. It is hoped that full advantage will be taken of allt 
the potentialities of the system to to assure important savings and, at tthe s same 


structural framing. Design formulas and numerical values for typical loadings 


are presented i in Tables 1 to 5. 
ol 
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“hoe —A novel adaptation of the “dummy” or | “unit” load method of aie 
- mining deflections i is proposed for solving the yedusdant crown forces ing q 

connected series of three-hinged frames. The statical determinateness of these 
-_three-hinged units results in simple expronions for the forces that produce a 


_ moments in the several members. This is one of the evident advantages of the 3 
oy analysis; but a more important advantage is the possible economy of ‘material 


obtained in shaping the members to fit the stress pattern advantageously. Tt 
_ may be expected, however, that the unit cost of such construction will be con f 
menneniy Signer than for normal types until contractors become accustomed to 
In the case of precast units of reinforced concrete the writers feel that the 4 
- Considere hinge will have an advantage over the Mesnager hinge with regard a 
to assembly, although | either could be used. — > The s advantage gained i in using the 
‘Cousidire hinge lies in the fact that the bars need not cross, the steel may be ¥ a 


| 
Welded Longitudinal and Spiral 


BEFORE ASSEMBLY 


that obtained with a Mesnager h hinge. a 
Rotational resistance of such hinges, although substantially | greater than 
the Mesnager hinge, is sufficiently low to an assumption of a hinged con- 

dition for the angular rotations met in practice. Design charts have been pre- 


7 pared for Considére hinges, based upon the use of a limiting « deformation that 
prevent unsightly cracking 


a: Furthermore, the use of the flexible connection or joint of limited rigidity a as 

an _ proposed in Part I under “Connections” should logically raise a question as to a 
7 the additional | economy possible by the use of sections of predetermined 4 
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of the Seo to a 

Obviously, such an extension would “necessitate a careful development ‘of a 
significant contribution has been made by the author i in 

—— procedure for the proposed method of analysis. However, for those — 


‘situations in which it would be desirable to vary the dimensions of the m members ~ 
or for occasions when symmetry of load within a bay does not occur, the sub- — a 
a. stitution in the equations for the k-value (a relatively minor operation) is pode 
to deter many from taking full advantage of such framing. Although | it is. 

- true that conditions of load symmetry and equal amounts of taper for the mem-— 
bers remove the — ” compute values of k, it is not likely that such a condi- 


Fic. 17.—Grapu For SOLUTION OF Formvuta TAPERED FLANGE BEAM 


tion can 1 always be used. ‘The equations of Tables 1 through 5 may be mad 


more useful by placing them in chart form, such as the example presented in Fig. 
ie 17 prepared for a section of Table 1. ‘Quah charts could be readily plotted for 7 
_ the remaining parts of Table 1 and for Tables 2 through 5 and would a 
increase the value of the author’s proposed method. 
ia anger _ _‘The writers feel that a valuable further simplification of the tables of coeffi- La 
i. cients for the contributions of members to the « deflection of a joint may be a. 
aa developed. _ The coefficients for H and V for values of AH and AV do not ee 
zs with variations in applied loading, and the coefficients shown i in Table 7 may be 5 
used for the end bays of frames with an odd number of bays. Therefore, it is i 
possible to of Tables and a single table as shown i 
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wf 
plicable only to the type of loading shown and applicable cake if symmetry of a 
 Joading within a bay i is maintained, although all bays need not be e loaded. T The © 
- writers are of the opinion that data in the form of Table 11 are more useful and, 


number of | When used in conjunction with charts, s ‘such as those pro- 
oe herein for Tables 1 through 5, Tables 10 and 11 will ‘provide an effective i 
design tool for the author’s proposed method of analysis. abe 
‘TABLE 12.—Exact Meruop oF SOLUTION FOR THE SImuLTANEOUS) 


Equations FROM THE FRAME IN Fie. 13(a) 


No. terms of wl 


—0.5 
+2 


+8.00 | -10 


0.5 


0.0600 | —0.1339 | —0.0714 | 0.1333 | —0.0024 | 0.0089 | 

is not clear to the writers why the method of summation of successive 


i might well be considered : as such. The method of successive approximations, — 
= frequently used in the solution of secondary stress equations, could be adapted me ae ; 
the wedge-beam — equations more advantageously than the summation 


equations take the form of secondary stress equations a and in some 
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aay or tion of Eqs. 22 by successive elimination of unknowns with those obtained by 
eS _-—- guecessive approximations, as well as the author’s results, are shown in Tables a 
‘= and 13. The method of successive approximations Temoves the the need of 
adding increments to obtain the final answer and will converge more e rapidly on J a = 


| 
4 


rapid if substitution is made as soon as approximate v values are obtained, as may 
be observed at the bottom of Table 13. 
oath writers feel that the author’s proposed method of tabular coefficients is Pe : 
of greatest advantage > when i it is necessary (as is usually the case) to carry 
through solutions for a given frame for different loadings. / Maximum : stresses 
resulting from various combinations of loads—such as wind load, crane viene, 
TABLE 1 13. SOLUTION B BY Successive 2 APPROXIMATIONS 


a4 


Quan-} Actual | Author's 
Assuming For THE UNKNOWNS IN DETERMINING THE First APPROXIMATION 


0.0313 | —0.0492 | —0.0489 | —0.0590 
Vs 0.1429 | —0.1250 | —0.1295 | —0.1289 | —0.1314 
0.0358 | —0.0313 | —0.0516 0.0489 
40.1250 | 40.1250 | 40.1328 | +0.1328 | +0.1333 
| 40.0313 | 40.0133 | +0.0176 | +0.0074 
Ve} oO | | +0.0045 | +0.0039 | +0.0065 0076 


(b) Zero AssumMED For ALL, Exceprine THe Paincrpa, UNKNown, Untit VaLues ARE OBTAINED 
IMMEDIATE SUBSTITUTION IN SUBSEQUENT OPERATIONS 


load, and roof load—may be obtained after the H- 


Vs —0.1250 | —0.1289 | —0.1311 -0. 0.1339 | —0.1311 
| —0.0313 | —0.0489 | —0.0588 0.0714 | —0.0587 
Ve | 0.1250 | —0.1328 | 0.1333 0.1333 | 0.1333 
He | 0.0156 | 0.0087 | 0.0039 0.0024 0.0089 » 
Ve 0.0039 | 0.0061 | 0.0074 J 0.0089 | 0.0061 


ay 


may be solved in the same routine for alt constants. The charts 
4 Tables 10 and aL Proved distinctly vs valuable in setting up the equations for such 


-. Solution by successive elimination of unknowns is advocated, although © 
‘successive approximations would be advantageous i in the case of a large number 


The author i is to be congratualted upon his to the and it 


Gn the headed “ ‘Renee “Application” for the introduction 
and use of framing is in material and construction costs. 
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SAWYEI oN WEDGE-BEAI FRAMING 
en loads and | spans, 
E beam with varying strength along its length will weigh less than a beam of 


isn 


af 


constant strength; and, if the added fabrication cost and change in erection — 
S cost of this variable strength beam are not greater than its material savings 
itiscertainly more economicak 
Another related, yet more elusive, source ¢ of economy of material to 
change the effective span lengths of beams by a change i in articulation or type 
of support, in effect changing the moment diagrams. Possibilities for yeaa 
in articulation r range from the classic post- -and- -lintel construction, with hinges 
over the columns, to the only slightly less classic cantilever construction, with 
hinges at midspan. A compromise between these extremes is the more 
modern continuous construction, with “hinges” or points of — 
usually” within the second and fifth sixths of span length. This paper 
_ considers only cantilever construction because (as stated in the “Tntroduction”) — 
the arrangement two simple cantilevers ‘“* * * appreciable Savings 
4 


7 "economy of the various types ¢ of articulation on the basis of a single analysis, 
ME 

because no single analysis can account for all the many types of loads, materials, — 

and stresses. However, one analysis offers some evidence, so in Fig. 18 an at- 

tempt has been made to compare the beam requirements fo1 for post-and- lintel and — 


ou uniform gravity load equal to w per unit length, on a frame of many bays, ‘and $ 
the half-span cantilever beam is assumed to have the same stiffness as the _ 
~ column. | _ As can be seen, the curves of maximum moment have been ee 
b: y a dotted line representing the maximum resisting moments of a tapered 
beam, the minimum strength beam required to resist the 
The resisting moment | of this beam ne 
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vary from a maximum down a value of one fifth maximum, 
5 corresponding quite closely to the type of strength variation of beams of he 

~ author’ s Tables 1, 3, and 5. Dead load moments have been neglected because — 

- they would have about the same effect on both types, although actually the — 
= component of dead load moment from the weight of the beam itself — 
would be somewhat less for the cantilever type since its weight is =S 


According to this analysis, cantilever construction requires a slightly 4 


heavier beam than post-and-lintel construction. However, other important a s 
factors, not apparent from Fig. 18, should be ‘considered . The maximum 

shear occurs at the deepest section of the cantilever beam and at the shallowest es 

section of the lintel beam. Thus, extra material could well be required to = 
resist shear in the lintel beam, even though an important part of the shear is 
resisted by the nonparallel flanges. On the other hand, large gravity-load 
moments o occur in the of the cantilever intel but ‘not in n the columns 


resulting in extra tensile steel in concrete. 4 
A practical consideration affecting construction costs is that, in post-and- st 
oa lintel construction, field joints can be - the hinges and the resulting pieces 
conv enient i in mn chipping and erection. for cantilever construction 


ke consideration of engineering effort (unfortunately not very aeainiaie 


3 economically) would certainly favor the statically determinate post-and- lintel . 
analysis statically indeterminate cantilever analysis described in the 
The “conclusion of this analysis that for investigated 
there is probably no significant difference in the amount of material required - sj a 
for post-and-lintel framing and cantilever framing using tapered beams. 
Therefore, the cantilever framing as described seems to have no important — 
point of superiority over the more traditional type. 
Possibly, the compromise between the two types here investigated—con- 
a tinuous construction—could be shown to be the most economical materially. — 
The: ‘differences, howe ever, are surely not great, and such an attempt is beyond 
f as... If an | analysis of cantilevered framing is required, it is interesting to note | * 
Bi _ 4 that the deflection formulas presented i in Tables 1 to 5 may be used to solve 
af _ any of the illustrative examples by the method of moment distribution devised — ‘ 
= Hardy Cross,* Hon. M. ASCE. if moment distribution is used, the -mathe- 
matics and simultaneous e equations of the latter part of the paper are avoided. a 
- To use moment distribution, the carry-over factors, fixed-end moments, — 
relative stiffnesses for all spans of a wedge-beam frame may be found 
a’ using Tables | 1 to 5 and Eqs. 28, 30, and 31 which follow. Moments may 
then be distributed, as described by Mr. Cross, to obtain the final moments. — 


“Analysis of Continuous Frames by y Distributing Fixed-End Moments,” by Hardy Cross, Trans- 


ry 
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the -beam span n of Fig. 19 the carry-over factor 


and Mpi is the | induced at point ; D from this rotation. 
‘ : i The fixed-end moment at point C from any loads on span CD (or Mpc) i is 
s to the moment 2 at t point ¢ C considering the > member CA as a simple canti- -. 
lever (Mc) plus the moment at C from Va, the shear at hinge geA 


the s shear at ‘point A may y be found by dhe common method of 1 removing ae 


connecting hinge at point A and dividing the resulting difference in deflection . 

of the two simple cantilevers at point A by the difference in in deflection of the 

_ two cantilevers loaded only with opposite unit loads acting g at point A. Re a 
placing the shear by the quotient of these deflections, as obtained from Tables 7 a 


to 5 and assuming that the values of near the on both sides 


which the (without, bac al 
whic is the (wit out su script) ) of Tables to m is equal to 
kp PL km M, or ky w 2, all as defined by Tables 1 to 5. For sign convention, — 
downward deflection at point A of 
the simple cantilever, and Msc and 
the resulting M rc are both negative 
j for a moment that mee 


SPAN the upper fiber, 


e moment at point C coin al — rotation — 


Cop = 
in which Tis as defined in Tables 1 to 5. Sits 
a For the column members of w edge- beam ising “e equals z zero, and Rep 
zero in all the foregoing equations.§ ne 
author’s illustrative e examples involve Spans symmetrically propor- 
tioned and symmetrically loaded about the hinges. _ The carry-over factors SS 
 fixed-end moments, and relative stifinesses would be 1, Msc, and EI/(k 
Tespectively, for these spans, and 0, 0 0 and EI/(kl), respectively, for the 
The analysis of two-dimensional frames in this ] paper neglects the restraints 
; of ‘the roofing or flooring and adjacent framing in the third dimension in pre- 
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i restraint from sidesway. This condition is nearer the actual action of 
a in building of many bays. For a building of a very few bays thee effect — 
sidesway should usually be checked. Using moment ‘distribution, 
‘oe need only be made for one loading for a given frame, the correction a 
2 for any other loading being found by) direct proportion | from the first Sal 

ag - Solutions for types of framing with beams whose axes depart significantly — 
from the horizontal, ‘such as those of Fig. 4, were not included in the paper. -- a 
For these types, "the sidesway of each joint should ‘usually be accounted for 
= in the analysis, as is done by the author’s method of simultaneous equations. — 
ae Using moment distribution, shears as well as moments must be distributed, | as 
aor in the paper by Mr. Cross and in the « discussions of the paper. _ Tables 
_ 1 to 5 are helpful in determining the constants required by either method, for 
the frame types of Fig. and Fig. only. derived 


4 


Be 


J. M. ASCE. —W hen the great economy of precast concrete 


structures is finally ‘recognized, this paper becomes especially v aluable. The 
a serious drawback of tedious analysis is considerably alleviated by the author’s > 
a simplified | solution, , although ¢ the computation of the values of the factor (k) 
in Tables 1 to 5 requires considerable time and great accuracy. _ For this i 
_ ‘reason these factors for various shapes of tapered beams and various ratios of 
the moments of inertia at both ends of the > beams ca can be > tabulated. . A simpler ne 
method of. computing g elastic deformations of any cross section and shape of a folk 
= can be demonstrated’ by reference to the special case (a) the three-bay 4 
frame with symmetrical framing and loading, ‘shown i in Fig. 9. The moment 


tale 


_ deflections of the columns, the following equation Jistusiuen 


AL = Gy 83 — + d, = Ar = G; 8 dy "Gs (82) 


in which M is the cat cantilever of the center bay (M =0.5w ); is the 
. elastic weight of the individual tapered members with elastic centroids O; ‘daa 
and fixed points D, s, and dare the distances from the hinge points, respectively. weave 
= 4 No matter what cross s section, shape, o or irregularities the structural members | ea 
ee have, the values G, s, and d can be accurately and reliably found as shown oe 
in 21 and outlined i in the following sections, 
Determination of the Elastic Weight G. —Using the author’ notations, Ia 
and reducing the uniform moment area M = 1, constant along the ane of 


the Discussion by J. J. Polivka of * ‘An Investigation of Steel Rigid Frames,” by Inge Lyse and W. E. 7 i 
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cient to draw the ‘reduced to area), the centroidal axis of the ‘reduced 
. moment area determines point O, and the reduced moment area represents G. : 
; Determination of I Fixed Point D. —Proceed i in the same manner as for the 
he determination of Gu using, however, a triangular moment area with maximum — 
ordinate = 1 as a basis. The reduced area represents the elastic rotation of 7 


shel 


of redundants can be solved directly without equations. Similar 
can be developed for frameworks of ‘ 


> 


tabulations submitted Mesers. E Ernst, Hromadik, aed Swihart will un- 
questionably be helpful in the applications of the method. The presentation 
of typical hinge details in the paper was made merely as a suggestion, leaving 7 

the selection or the developmen 
" a Undoubtedly, there are a number of other types, including the Considére hinge, "4 


which can be used advantageously in varic 


ever, in the case of hinges of that type, the desirability of the ‘ohaaiiiell ‘utiliza- ‘ 

7 ton: of the limited moment capacity is open to question be because of the resulting Bn 
complications i in the analysis. In design practice, the omission of aid provided Posy a 
by such moments may be considered as an added measure of safety. eeeothe. 


es _ The writer fully realized that the derived mathematical expressions for k, . 
G . - given in Tables 1 to 5, would not be sufficient for a practical use of the method. 
. 5 ith this ‘thought, he also compiled extensive numerical tables and plotted 


i. curves similar to those shown in n Fig. 17, Sevdteee. a great number of load con- — 
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of 
Po 
Deam at the hinge due to the force producing M = at the other end 
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space limitations necessitated their om omission 
from the text. However, it is hoped, perhaps through another medium, an 
Bi sortanpry may be had for their eventual cuunane in a future elaborated 


a _ The advantage i in brevity obtained by the suggested combination of Tables 


of clarity of of the various coefficients and the greater care 
= 4 needed in the use of the table. On ‘the other hand, Table 11 provides con-— 
- siderable additional data pertaining to some of the unusual conditions of 

loading not ‘completely treated in the paper. 

_ Regarding the relative merit of the various methods of ane he heal 

- taneous equations which result in the analysis, the writer’s preference for the _ 
so-called “successive increments” method, which he has developed and used 
advantageously i in a wide of design is on the following 


e. 


to classical methods, it is a much a 

2. It does not t need the use of computing machines to assure a reasonable 
- degree of accuracy, the use of an ordinary slide rule being amply adequate. L 
«3. it provides a much greeter operational Sexibility, since the number of 


" successive inerement is only a part of the total value, and thus an error in : 


: ons en cycle would be e only feeb feebly reflected in the succeeding increments. 


{r. Sawyer has made a limited study in his attempt t to appraise the eco- 


merit of w framing. . For this a partial cor comparison 


of shop fabrication, it is interesting to nate that the elements of framing used a 
ie the latter system do not appreciably differ from those of w wedge-beam framing, 
- they consist of tapered sections. However, in arrangement, because of © 


a, of the directions of taper, two entirely dissimilar patterns of stress are 


obtained. . Thus, the points of maximum strength in the “post and lintel” 
a “4 framing are at the middle of the lintels or beams and at the bottom of the posts. : 
~ Obviously, such a system will be unstable under lateral loading when used in a = 


framing more than one story high. Even i in the case of a single-story framing, a 


- the lateral resistance will be solely a function of the moment capacity at the ot 


a As in the case of all comparisons, ‘ceniiedans drawn from partial studies © 
are e of little value. Reliable comparative data can be | obtained only from 


was to be less than that obtained either for or 
Fe: framing, the extent of material savings varying from 20% to as much as 40%. 

Sawyer’s suggested use of the moment distribution method in the 
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engineers, ‘this method is with a marvelous magic without which no 
or solution is deemed acceptable or practicable. 
ai! In the analysis of any statically indeterminate system of framing there are ‘a 
a ‘minimum m number of ‘unknowns, usually ec consisting of moments and reactions, — 

_ which must be solved for determining the magnitude of stresses in the com- 


members. For this purpose, it is necessary to set an equal 1 number 


relations between the unknowns and solve for their values. 3 Regardless of 


’ what method of ragga is used, this i is the work that must be ore ne 


x 


- summations of moments at each joint, are set indirectly," and the values of the 
a. unknowns are obtainéd by an arithmetical routine of solution similar to —_ 
outlined in Fig. 15. Except: for the ‘simple cases of frame analysis, such as. 
given in the original presentation of the method,* the claimed advantage i: ; 
~ operation is open to serious question. _ This is particularly true when the . 
factors of interrelation. (distribution and carry-over factors) cannot be r readily 
a formulated. The proposed application of the method to wedge-beam framing ‘ 
falls wi within this category. With the very” simple Procedure 0 outlined in the 
paper, available for obtaining the equations for the redundant reactions, 
writer would not choose to follow a devious procedure for attaining t the same — 
objective. A comparative solution of moments for any one of the frames + 
as ill illustrative examples in the paper by the — method will re to 
® Mr. Polivka suggests a semigraphical solution for frames composed of | 
-. of differing shape. In such cases, assuming also that the numerical 
_ values of k are not available or readily obtainable, a better procedure would be - 
to utilize the well-known and simpler concept of moment area, as expressed ia 
kt 17. For this purpose it will suffice to draw only one moment diagram for 
= member, reduce the moment ordinates by the ratios of I,/I, obtain the : 
- moment area area thus reduced, and determine its centroid. If the moments are 
_ induced by end forces only—that is, , hinge reactions, which is the case of 
members 2, 3, ‘and 4 in Fig. -20—the lower diagram i in Fig. 21, containing 
+. values of of D and ¢ d, is all that will be needed for ‘the de desired deflections and, 
hence, the middle or G- diagram becomes ‘superfluous. will be ‘evident 


ey 


in which p p is ‘the of a unit a 
Mr. Polivka’s statement regarding the solution of redundants without equa- 
5 


of a 


tions is not clear. _ Assumedly this pertains to an ‘unexplained procedure where 


& done in his example, since Eq. 32 is the needed arate for the single redundant j 
= a a of Rigid Frames,” by A. Amirikian, U. 8. Govt. Printing Office, Washington, D. C., 7 my 
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en of the frame, which equation is derived and solved in a manner similar to that va ; 


Gable Framing.—In the c of framing arrangements 1 where: ofthe 


fore members deviate from horizontal or vertical (mentioned by Mr. Sawyer), 


4 becomes necessary to consider the effect of both vertical and horizontal Teac. 
4 tions at the joints. Asa result, the « deflection equations will contain additional 


4 terms from some ‘a these members. Except for this modification, the analysis 

x follows the same procedure as that given for rectangular frames. The *ppli- 
cation can be illustrated by two examples. fits. 4 

Example we Aj Symmetrical Framing —The three- bey gable bent 

3 Fig. 22(a) represents a simple case of symmetrical franfing. _ Under the indi- 

cated unsymmetrical loading there are two unknown hinge reactions at joint a “ie 


The two deflection necessary for { for the solution of H and V are obtained 


| 


Aon = 2H +VX0+wx0 (350) 
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MEY, 
in the case rectangular framing, ‘the deflection equations ¢ can 
obtained directly from Eqs. 16. _ The data necessary for the determination of | 
the various coefficients of those equations are given in Tables 14 (with " 23), ts 
(with Fig. 24), and 16. — 
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Example 2. Unsymmetrical Framing.—The three-bay bent shown in Fig. 
25(a) illustrates this case. Here, as a result of the dissymmetry, in writing 
ae B the deflection expressions, the two roof beams in each bay are no longer con- | —— 
q sidered in pairs but are treated separately, as independent members, similar 
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tively. ‘Then, the consideration of horizontal deftection at point D, 


‘Similarly, of the vertial at the same joint 
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Municipal Airport (St. Louis, Mo.). 


‘The essential features: of the Common 
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‘The development of electronic devices for all-weather flying will 
to increase the capacity of many major airports. The trend will 


requirements of an adequate are ‘and ilusteated 
by by reference to a typical redesign as worked out for the Lambert-St.. Louis 
advantages of the improved 


are described and related to the cali problem | of airport redesign. err 


In the years following World War II, many great improvements in devices Ze 7: 
to aid in the navigation and landing of aircraft in inclement weather were | a a 
developed. _ The program of the Civil Aeronautics Administration (CAA) in © * 4 
connection with | this type of operation follows, as a guide, a report? that a a 
proposes certain criteria for a common system of aids to navigation. The = 
CAA is working toward the early completion of the so-called Transition + 
Period Common System of Air Traffic Control and Navigation. To re- ‘J 
evaluate the usefulness of the | Common System, a special group, known as ae 
_ the Operational Policy Group, was appointed by the Air Coordinating Com- eh “f 


-mittee’s Air Traffic Control and Navigation Panel. group has completed 


ite work and issued a report? that re-emphasizes the value and necessity of 


system. This report should be studied by all airport engineers. 
System are: (a) Very high fre- - 
_ quency omnidirectional ‘radio range; (b) distance measuring equipment; (c) 
surveillance radar; (d) precision approach radar; (e) _ instrument landing a 
on Nore.—Published in November,’ 1951, as Proceedings-Separate No. 104. Positions and titles given ts 
those in effect when the paper was received for publication 

1Chf., Airports Div., CAA Region V, Kansas City,Mo. 

4 ty 81 Report, by Special Committee 31 of the Radio Technical Committee for Aeronautics, Washing- = 


“Air Traffic Control and the Notional Security,” Report of the Group, Air | Co- 
ordinating Committee, Washington, D. C., 1950. 
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REDESIGN OF AIRPORTS 


on — alone, and each fee community must be in partnership with the govern- 4 
in the effort to handle a constantly increasing volume of air traffic. 
Most of the major air transport centers of the United States have already — in. a = 
developed their airports, and only a few new major airports are going to be = 
developed i in the foreseeable future. In most of our major cities it is logical | 
Be  —e to assume that a activity will continue at the existing airport. Four 
_ main reasons for this assumption are: (1) The investment in the existing facility 
must be considered; (2) the normal resistance to relocation must be overcome; © 


a) the growth of most major cities tends to force the location of a new airport =a 


— 
¥ 
= 


to open country, generally an excessive | distance from the center of the city; - 


"paper considers only redesign s as opposed to new dev eer: 


Effect o of Electronic —The electronic developments of the 
= transition period, as previously mentioned, will do much to make all-weather — 
flying a reality. They will” permit av ery high percentage factor of flight 
operations to be achieved. Actually, on major airports, it is logical to ‘think 
of the capacity of the airport as the number of aircraft that can be handled 
ae during restrictive weather. This concept follows from the fact that the major 


| 


ud sf * _ portion of stable traffic on the average airport is that generated by scheduled 
air carriers plus those nonscheduled civil, cargo, and military aircraft that 
iin _ regularly fly, regardless of the weather. Thus, any increase in airport capacity 
for this segment of the aviation industry must be measured in terms of capacity 
during instrument weather. The fact has affected the thinking of the industry 


and the patking of aircraft at leading Also, one point: is 
= fa becoming more and more obvious—the ability to use electronic developments | 
guide aircraft to the threshold of the runway results it in a capacity that: 
exceeds the acceptance rate of most airports. In other words, it appears 
By practicable to bring i in aircraft at the rate of 1 every 1.5 min or at a steady a 
Bre _ Factors A ffecting Capacity.—There are few airports that c can accept aircraft 


at the rate of 40 per hr, because of two factors: 
Inability of planes t to clear the runway in sufficient and 


b. Lack of adequate ra ramp space for parking. = 


er The landing of aircraft 1.5 min 1 apart, ‘during. weather of restricted visibility, is is 
really a rapid rate when considering that the pilot does not have visual contact 
“4 with the ground and the airport traffic controller does not have visual contact — 
Kew with the aircraft. — In order to maintain this rate the landing aircraft must, of ¥ 
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AIRPORTS 
"necessity, the runway the earliest: “This requir 
that the runway must have taxiways at frequent intervals throughout its 
length so that aircraft can get off the runway as 8 soon as the speed has been 
reduced. ‘sufficiently to permit a turn to be executed. If the taxiways lead 
from the runway at an angle of 30° or 45°, naturally, the aircraft can turn at ies 
im 2 a higher rate of speed than if a 90° or more acute turn must bemade. | 
me To land aircraft at the rate of 40 per hr means that one runway must be Hg 
ae restricted exclusively to landings. A second runway must be available for pe a 
‘take-o ff, permitting aircraft to leave the airport at the same rate of 40 per hr. #2 be : 
Under instrument conditions, it is doubtful that parallel Tunways can 
ae used simultaneously unless they are separated by a minimum distance of 3,000 *e 
eu to 5,000 ft (Fig. 1(a)). A simultaneous departure on one parallel runway and r 
a missed approach on the corresponding landing runway would put both 
aircraft in the air very close together along the projected center lines of eae 


WSC RS 


Missed Approach 


UNWAYS with 5000 FT SEPARATION 

Fig. 1.—Requirep PARATION For PARALLEL 
in; 


_ operations. Fig. 1(b) shows the condition of parallel runways having adequate _ Bo 
om ‘Tunway | separation. . The use of intersecting r runways, one for landing a and Jone 
a for take-off, is preferable to parallel runways without adequate « clearance, in- 
i  asmuch as the projected center lines of the runways diverge, resulting in a con- Lie 
Coupled with the runway and taxiway 1 is the problem « of 
t. = aircraft after they have landed. It is obvious that aircraft cannot 
,* _be landed at the rate of 40 per hr unless | the : available parking areas will provide 54 
adequate accommodations for them. The Airport Operators Council has 


surveys in this regard, and the CAA is attempting to establish 
& criteria for determining the requirements for gate positions on loading ar 
“ramps. Only a few airports in the United States have loading aprons adequate Be 


to take care of scheduled arrivals at the rate of 40 per hr. 


Several must be met if an airport i is to achieve maximum 
efficiency when handling near-capacity volume of traffic. These requirements 


= All airports i in a Piel should be located so their mene instru. 

as 


ur 
| 
1€; 
ort 
— 
— 
ty 
ty 
ry 
ay — 
is 
— 
at 
ars 
ft | 
— 
4. — 


4 


2. y instrument a approach aids should be id 


that their -Tespective instrument traffic patterns for both oth arriving and 


each other; 
3. Landing, taxiing, and take-off must be considered as S ciihcaesane 

tions, and be: made for mutual 

4. Where saa the runways should be separated so that simultaneous - 
use may be effected without conflict of traffic patterns. This will greatly 
the capacity and permit more direct approaches and departures and 
save aircraft time and reduce traffic congestion; 
tf _ §. The airport should be so designed that the air traffic control tower can alate’ 
 gahleve flexibility in the choice of take-off sequence without ann to the ae 
‘Sequence of taxiing from the ramp to the take-off runway; 


i Bee 6. Taxiways should be located at various points along the runway ae a. 


ermit landing aircraft to turn off the runway as quickly as possible to clear ae: 
it for other aircraft and to provide minimum taxi d to the ‘service or 
7. Taxiing aircraft should be able to pass aircraft that are 
or holding on loading aprons on near runway "entrances; 
oF 8. Taxi exits should be marked in such a manner that the pilot can antic. ns 
: pate the turnoff point in sufficient time to enter the taxi exit easily under 


by es requirements can easily be met in a new airport design. - 
more difficult, _but possible, to incorporate 


OF Lours MUNICIPAL AIRPORT 
ae The: writer recently participated i in a study of the master plan as Lambert- a 


AS, St. Louis Municipal Airport. Lambert Field is one of the major airports in 
the United States. It was initially developed in the early 1920’s and has been — 
expanded from tiene to time as changing aeronautical conditions required. je 

‘ae airport has a complete variety of traffic including flight training, charter 
work, executive | transport, , military, cargo, and scheduled airlines. There ig in! 
an adjacent aircraft factory that ‘manufactures jet planes. 
ae airport operates at high capacity during good weather conditions. 4 a 
for r capacity off considerably during restricte 
Fig. 2 the master of Lambert Field, developed in 1944 
prepared on the basis of the best thinking current at that time. The old tg 
portion of the field is toward the western side. By 1950 a major ‘grading 
project was in progress on the eastern portion of the airport. 8 x ze 


o This master plan v was: based on on the time- proved concept ¢ of a three-runway Saga 
- layout with one runway usable at a time, depending upon wind es ba 
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‘Fig. 2. also shows suggested revisions to a shales plan - The changes 


represent that conform ‘advanced thinking in airpor design 
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Unchanged Portions of Master tie 
Suggested Revisions to Master Plan 


Ww 


Ultimate Development 


and give the airport its maximum traffic capacity without — 

in the ultimate e length o of runway 


wT: Relocation of the proposed north-south runway by rotating it . about 5° 
to the east, thus eliminating the intersection of the north-south and northeast- 


either direction and still permit other ‘Tunways to operate; 
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REDESIGN oF AIRPORTS 
AMD RL SOCIBTY. 
(e) of the taxiway system; pails blues wWiseqao 


6 The object of the suggested revisions is to increase the potential capacity — 
4 f the airport by, making two major runways traffic-bearing (one for take-off Eo: 
Table 1 indicates the traffic patterns that will develop peak capacity under 
ray 
-- various us wind conditions. . In ‘each case the 1 runway “most nearly alined with — 
the wind i is used for landing, and a runway quartering into the wind is used for 
take-off. . Both can be used simultaneously. . Provision is also made for light: oe » 
aircraft. on the west side of the field, using existing runways. La These runw ays: ss 
intersect but permit nonconflicting traffic patterns, and under proper control poe #4 
_ they offer greater capacity than a single runwa Vicinity patterns show the 
y offer g pacity g y- 
lack of conflict between light and heavy aircraft patterns. 
_ The resulting capacity approximates that of parallel runways. The 
“potential saving of approximately $3, 000, 000 probably influenbed the : city 
of St. Louis, who received this study enthusiastically. Aa 
These patterns are developed for contact flying conditions. Instrument — 
we of the he airport W would, of course, , be restricted to the major runw ay ‘system. 
At the pres resent ti me t he northeast-southwe est run way is the instrume ment r runway. Poe 
x. this continues to be the instrument runway, it can be used ‘Qccinadealy for ; 
landing, with take-offs from the western portion of the rar wie eal 
that does not with the use e of the instrument landing runway. 


The ultimate apron provides thirty parking for aircraft, which 
appear to be sufficient to permit capacity operation of the airport. 


"Studies. indicate that the capacity of the ‘airport for. both instrument and a 
. contact weather will be sufficient to satisfy the needs of St. Louis for at least < is 


_ ‘Int the case of St. Louis, it was possible, by relatively minor revision of the a 
master plan, to eliminate the intersection of runways. The test of a good a ar 
master plan is “its ability to accommodate itself to changes: and advances in . ta 
technological developments. ot On this basis the St. Louis master plan of 1944 Tan 
was a good one. No master plan for an airport can be a static one, for the x : q 


aviation industry sees frequent and far-reaching technological changes. 


3 shows the of Stapleton Airfield at Denver, Colo. Here the 


east. ie several reasons it is not possible to o expand the airport leiden 
to permit any two runways to be nonintersecting. For capacity operation, 
aircraft can take off to the north, on a runway that intersects the 


— 
P 
44 
> 
‘ 
ee __ runway (with approach from the southeast) the northeast-southwest runway _ a = 
» 
— 
— 
m 
= 
i 
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=a, capacity could approach that of parallel or nonintersecting runways, provided s 4 


= _ that the capacities of the taxiway system and parking ramp are increased. he ik. 


‘Further analysis of various layouts would indicate that properly designed 
airports can generally be redesigned to meet changing conditions. first 
q | 


dud 


silt (! allt donor ye “tie? 


3.—SraPLeTon Denver, Colo.—RECOMMENDATIONS FOR DEVELOPMENT 


prem the almost daily changes in the industry present a hopeless pe rneeey 4 
the airport engineer, but the advancement that the aviation industry 
has made is adequate testimony t to ce — of engineers to meet and solve 
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q DIRECTIONAL REQUIREMENTS 


AIRPORT RUNWAYS | on 


By RALPH BURKE’ AND HARRY OTIS 


The layout of airport runways involves ‘Inany problems that c can be solved 
a pay by « a thorough analysis of requirements at each specific location. The 
¢ important factor of runway 0 orientation can be influenced id by the type of landing - 
gear used on the airplanes. . The effect of this factor and also ‘the: effect =. hee 
Attainment of maximum u utilization of an airport is to a great extent 
dependent on the selection of a suitable layout. ‘The variation of utilization 
. factor with cross-wind velocity and landing gear ¢ characteristics i is tabulated. 
Suggestions are made concerning 1 runway organization and the ability of 
an airport to meet the imposed traffic requirements. 
- 
a ‘The purpose of this paper is to review the problem of directional re uire- 
q 
ments from the standpoint of the designer of airports. On the one hand, full — 
~ cognizance must be taken of the policy of the Civil Aeronautics Administration _ 
(CAA) limiting runway construction to that required by | capacity without of 
consideration of wind directions. On the other hand, every effort must be oe: 
_ made to meet the objective of the airlines which is to provide uninterrupted — a 
a dependable | schedules of operation. ied further element of importance to - a7) 


the designer of municipal airports is the balance of all the economic factors c. 
in order that the investment of public funds in airports will be fully justified i - 


ig 


i 


on the basis of public benefits derived from their construction. A logical au 
«Bet of airport standards is necessary to meet this requirement. 
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in October, 1951, as Proceedings-Separate No. 95. Positions and titles given are 


AIRPORT 


Airport requirements have series of radical changes during 4 


é 

- the relatively short history of aviation. In 1903, when the Wright brothers, — 4 

a Orville and Wilbur, launched the airplane “Kitty Hawk,” and for the next — 7 
; zo de decade or so, there were no airports. During the succeeding years, as speed, 

. a weight, and carrying capacity of airplanes were increased, prepared places to a 

hod became a necessity. Aircraft characteristics changed so rapidly that 
airports were outmoded almost as soon as they were built. _ Many localities 

oe had the sad experience of constructing airports that became. obsolete or rel- 

egated to use long before the expiration of a reasonable amortization 


es The CAA performed a long-needed service to aviation in adopting, as it did 
a ie 1947, standards as to length and load capacity of runways for the several 
x a na nh classes of airports throughout the United Sta ates. in Here, finally, was a yardstick 
: i to be used by the airport designer: to measure the required facilities, and 
here also was a definite limit on the aircraft designers. — — . 
The ‘so-called ‘ ‘one runway” policy of the CAA will further clarify the 
design problem for airports and aircraft. _ Stated in its simplest terms, the a 
‘j basis of the CAA vorene is the theory that, if all aircraft were > equipped with — 
castering landing gears, the wind direction could disregarded entirely; 
ae ~ then only such runways should be built as would accommodate the volume of ae 
traffic at any certain airport. Since it would obviously. be cheaper to 
all aircraft with castering gears than to build multiple eeerrene at all airports, x 
c The entire problem of runway direction centers around the type of landing — —— 


ge gear used on the aircraft, so a brief review of the’ history « of the development _ 
3 of landing gear is pertinent at this point. 1 It should be » understood ¢ that landing — 
gear is a necessary - evil. . This ge gear is a detriment to any aircraft while in the — 
air. Its sole function is to safely permit loss of speed on landing and accelera- — 
tion on take-off and to permit some measure of maneuverability for the aircraft _ aM 


Greased rails were used for the take-off in the first aeronautical experiments, th ae 
oo. Then skids, with the addition of a pair of w heels, were tried. . Later, about 
1910, 3-wheeled or /4-wheeled arrangements were used. These later applica- 

~ tions overcame the excessive ground frictions of the earlier skids on take-off, a 

but were inefficient i in decelerating on landing ae ots baw, 

F 7 In 1924 E. Stinson pioneered the installation of brakes on the main wheels, 
_ thus contributing a great advance in ground control. Skids were no longer oe 
needed, either for drag or directional stability. Prior to World War II the e 

gear was sovived, since it v was less susceptible to ground and 


‘commonly used landing 
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vag 
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ae ar, with steerable nose wheel, | 
ort aircraft. The latest 
gear on transport aircrait. Jt 


velopment is the castering gear. It thas mae built ‘ea tested for small 
of various types and also forthe DC-3. Record of its application to 
Granting the feasibility of the universal ar pplication of castering 
z alll aircraft, there remains an analysis of the e over-all economy, dependability of ps 
service, and capacity of the airport to determine whether such an application a) 
ustifies the acceptance of the CAA ‘Policy. 
-itg Cross wind is of only when the : is in contact with the 
=, - ground. _ When flying, wind direction or intensity in the absence of sudden 
a. gusts does not affect the maneuverability or control of an airplane. he As ada 
: airplane approaches the ground, however, it is flying at some angle of ‘crab 
depending upon the magnitude and direction of the cross wind and the speed 
and direction of flight. If the resultant angle of crab is small (less that 15°), 
ra no no problem exists, for at the instant of contact the - noncastering landing gear 
will track immediately and the wheels will roll readily. If the resultant angle 
a ey of crab is large, the wheels of the landing gear must skid sideways causing a 


severe overloads and possible failure of the mechanism. the 


a fiat To illustrate, a plane with a speed of 100 miles per hr at touchdown, operat- — ; 
ing under a 20 miles per hr cross-wind component, is flying at an angle =: 
crab of 113°. | ‘This i is a ‘relatively ‘safe condition. “If the plane has a speed of 
only 75 miles per hr and encounters a cross wind of 50 miles per hr, the angle 
of crab is 43°, and a } dangerous condition exists. = acme 
Since 1938 the ‘eross-wind problem has become less critical in regard to. 
adequate control after contact. New developments, such as tricycle landing 
gear with steerable nosewheels in multi-engine planes, the ability to use more 
- pow er on one side tha non the other, and reversible pitch propellers have made 
it much easier to control the plane, and the margin of safety has been raised 
considerably. The Air ‘Transport / Association permits aircraft with noncaster- 
ing landing gear to operate in cross winds with velocity, up to 20 miles per = 


__- Under this ruling the utilization of any airport depends upon the number 
of runways and the percentage of the time when the cross-wind component 
relative to any available runway exceeds 20 miles per hr. Assuming the 
rose at Chicago, Ill., to be fairly typical, a single runway airport could 


, be used 96% of the time and a  2-runway airport (with the r runways at right % 
angles) could be used 98. 1% of the time. A standard 4- “runway could 


ee a result of exhaustive tests, the CAA will permit t operation of planes of 


~ eo -3 type equipped with castering landing ¢ gear in cross winds up to 40 ‘miles 
ES hr. ‘Using this criterion, with wind conditions that prevail in Chicago, ve 


a single-runway airport could be used 99.0% of the time and a 2-runway airport 
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tering gears at various cross win: 
st noneastering and castering gears at 


si. iene differences i in utilization of an airport as ; shown i in Table 1 may seem — a 


a small, yet a difference of only 4% w will affect regularity and dependability of * 
- service to such a degree that, in scheduled flights at least, it spells the difference . 


Therefore, in the large airports, including. all those. at which s 


Zz 
passenger service is maintained, practically 100% utilization is a necessity. ; 


TABLE 1.—Useasie PERCENTAGE or the result can be most economi- 
Ton TIME AT AN AIRPORT* cally obtained by multiple | run- 


ways or by the universal appli. 

Allowable | Runway Dmecrions cation of castering gears. The 
CAA has estimated that it w vould 

Four ae cost about $10,000,000 (1950) to 


ll of th 

(a) Arncrarr LANDING AT APPROXIMATELY equip approximately 
1,100 planes now in scheduled 
operation with castering gears. 


61. 2 | 744 | 
This figure does not include lost 


Caster 98.6 99.4 
income during the conversion 


LANDING AT APPROXIMATELY period. This estimate "see ms 
doubled the situation would not 

1 


‘Caster 00.0 be seriously altered. 


must bee compared with the 
(c) “ATRCRAFT at APPROXIMATELY 


average total cost of a runway 


* 20.0 Noneaster Ay 98:1 88. acquisition, drainage, grading, 
99.0 | 99.9 | 1000 and other incident tals. Since 


Based on conditions at Chicago, Ill. there are “over 780 airports of 
Class or larger in the United 


prt; 


small | fraction ‘of the cost of added runways. meee sal 
} (i As seen in Table 1, a 4-runway eheaien can be used by aircraft with no non- 
ra castering gear 99.9% of the time in Chicago. Castering gears would raise the * 
utilization to practically 100%. _ In fact, Chicago Midway Airport in all its 
history has never been closed to traffic because of high adverse winds alone. 
if If Chicago had had a single direction runway airport, even aircraft with ith castering — 
gear could operate only 99. 0% of the time. This difference, even — 


- appearing small when expressed in percentage, is vital in | determining depend-— 


ability of « air travel, _ for it means that for a total of over 3 days per yr the 3 


= Chicago ) airport would be unable to operate as far as air travel is concerned. — 
q These occurrences are of sufficient to affect the and 
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cannot be seriously’ = 
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sl _ of castering gears to the light planes that use the field raises the utility of the __ ay 


a 
at Applying of Table 1 the of st 


+: type that can safely operate with noncastering gear at cross winds ot 
10° to 15 miles per hr, a a vastly different, picture appears. On 


airport from 61. 2% to 98. 6% for aircraft limited to a 10 miles per hr cross-wind P fo 


landing with noncastering gear. Similar increases in utilization are noted in 


the case of aircraft having higher landing speeds. . These increases are = 
—ieant: and will result in marked improvement of efficiency of the air ~~ 


: Meigs: Airport is licensed for operation only when the cross wind is below 15 


“Un the the salvation of ‘might very well lie 


in “the words “Additional runways will be approved only where required to 
volume “of traffic.” Assuming a traffic requirement of 60 
ie movements per peak hr at a major airport (and few airports exceed this figure), 
how many runways are needed? fair weather runway can handle 
a plane movement per min, or 60 movements per hr. — An: analysis of peak hour — 
- requirements, however, must include the characteristics of the peak and the 
a weather conditions. Records show that 60% or 36 movements will occur 
_ 20 min and will consist, on the average, of 24 arrivals and 12 departures. ie” -* 
Bn Under adverse weather conditions, even with such navigational aids as es 
all i ground-controlled approach, instrument landing system, and high intensity | 
lighting, the landing rate drops to 1 airplane every 3 min. .” Thus, the 24 arrivals — ad 
in 20 min will require 4 runways, although 1 more runway is needed for the _ oa 
7 _ 12 departures. A total of 5 runways are, therefore, needed to accommodate 


4 60 plane movements per peak hr. A further argument for multiple runways is ‘ 


F the fact that air traffic is expanding, and it can reasonably be expected to a a 
result in at least 3 times the present number of plane movements. 
— On the other hand, the further development of electronic aids will doubtlessly i 

decrease the between plane movements. These two elements tend to 


Considering all. the elements, | runways should be built to meet 


are not for safe operation under cross but also vil 
i the extra capacity for the inevitable growth of aviation when fe 
: _ planes are equipped so that cross winds can safely be disregarded. Sr a of 


q A definite trend exis exists toward a greater as to cross winds. This 


has been brought about partly by higher landing speeds of large aircraft, - 
atte in a a decreased angle of crab in wipers and partly by the general us use ‘i 
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tage to small planes. — Its general use on small planes will greatly increase the — 
utilization of single-strip airports. When castering gear has been demonstrated | r 
as practical for larger planes, it will increase their ability to serve ee: 
oo: but not to a point at which definite schedules can be guaranteed. in 
gdh Major airports at which the importance of dependable scheduled operation 
_ is paramount and at which the CAA authorizes such navigational aids as ground- 
controlled approach, instrument landing system, and high intensity lighting 
uninterrupted service still require multiple runways for safe operation 
- under peak load conditions. Multiple runways in a nonintersecting pattern 
= _ will provide for present safety and high utilization and also will prove adequate — 


a _ for future traffic expansion. The CAA policy if applied realistically as to a 
Pee. = requirements at major airports will, therefore, be beneficial. It will — 
especially aid small aircraft operating on single runway airports and will hasten 
JA the ¢ day when improved landing | gear on n large aircraft will increase the capacity — 
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_ MISSISSIPPI RIVER VALLEY GEOLOGY 


RE RELATION RIVER REGIME 


"Discussion BY Messrs. Leo M. Opom, § 


‘The Mississippi River alluvial valley developed ‘concurrently with the 
advance and retreat of the final stage of continental | glaciation. Sea level 

_ dropped as the ice accumulated, and the Mississippi River system eroded a 
deeply entrenched valley system. A rise in sea level when the ice melted — 

7 reduced stre am gradient, the river was forced to drop its load, and the valley 

= filled with a gradational sequence of alluvium. % -Character- 
_ istics of the alluvial deposits show that the river was an overloaded braided 

= ‘stream ‘most o! of the time that sea level was rising and that the river d did not take 
on its meandering habit throughout the entire length of the valley wav sea 

. level reached a stand about 5,000 years ago. — 

_ abandoned several courses, the positions of of which are still visible i in erm -y 
‘river migration or well-defined zones of meander belts. “2 Each ancient course % a 
is marked by an alluvial ridge along its meander belt and by a resell bie 
of distributary | streams in its delta area. 

~ Remaining alluvial: features ‘show that the river has maintained a a close = 
adjustunent between its load, slope, and the bed and bank materials. The eet 
river is said to be poised because it has shown no tendency either to agerade ms 


= or degrade its channel. The adjustment to bed and bank materials is shown 


wit 
a by the local and regional characteristics of the channel and by its rate of a 
A migration. A broad, shallow, shifting channel i is developed in sandy bed and 
bank ‘materials, whereas a narrow, , deep, slowly-migrating channel takes shape > om 
in fine-grained deposits. = Each of several course diversions has left a clear 
record of slow and orderly development. The modern Atchafalaya River- 
af 
& Mississippi River relationship suggests an early stage in course diversion. =o a ‘ 
__Nore.—Published in July, 1951, as Proceedings-Separate No. 80. Positions and titles given are those = 
2 when the paper or discussion was received for publication. 
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ver” 


ree “of the alluvial valley of the lower Mississippi River was collected and. 


- connection with a geological investigation of the region conducted for the , 
_ Mississippi River Commission. The project was undertaken to determine - 
a = origin and | _ development _ of the alluvial valley and, from the geological 


— 


Results have been published in 1 two reports,?* ond: those points which demen- 
_ strate the relationship between geological § features and the river’s regimen ore 


The alluvial valley of the lower Mississippi, ‘a broad lowland var varying in 
width from 25 miles to 125 miles, extends for more than 600 miles across the 
Gulf -cvastal plain from Cape Girardeau, Mo., to the Gulf of Mexico (Fig. 1) e 

and covers an area of approximately 50,000 sq ‘miles. This valley is pri- 
al marily a region of alluviation which has developed as a result of long-continued 

depositional action of the Mississippi River and its tributaries. Throughout 

~ almost the entire length of the valley, the lowland surface, or alluvial plain, a 3 


is bordered by abrupt walls which gradually lose elevation in a southward 
direction and disappear where the upland surface | slopes beneath the coastal 

marshlands of Louisiana. The valley walls a are breached where the flat- 

surfaced alluvial plains of tributary valleys merge with the surface of the 


The continuity of the plain i is b broken by two ridges: (1) Crowleys ‘Ridge, as 
= located in the northern part of the valley, rises 200 ft above the ; 
plain and extends for 200 miles south of Commerce, Mo.; and (2) Macon — 
Ridge rises toan maximum of 40 ft above the valley lowlands and extends from . 
Be Ark., to Sicily ‘Island, La., a distance of approximately 100 miles. Fe 
4 The plain hes an elevation of more than 300 ft at the north end of the valley ay 
and has very low regional slope to the Gulf of Mexico. The slope gradually 


decreases southward and is practically nonexistent south of central Louisiana. 


‘ 


Data from of scattered borings, by detailed 
~v information from several trans-valley lines of close interval borings, show the — 
— surface of the alluvial valley to be underlain by a thick mass of alluvial deposits — 
<s that grade upward from a substratum of sands and gravels into at top stratum 
+4 of silty sands and silty clays (Fig. 2). The substratum comprises most of the “a 
mass at the north end of the valley, where it almost reaches the surface, but a 
near the Gulf of Mexico the substratum i is deeply buried beneath the top 


stratum (Fig. 3). alluvium buries a rugged valley system in which 
_ trenches of the major tributaries extend inland from their junctions with the — 


_ master trench. The valley walls are the surface > manifestations of the > margins 4 


“Geological of Alluvial of the Lower Mississippi by 
‘Fisk, Mississippi River Comm., Vicksburg, Miss., December, 1944. a 
**Fiine-Grained Alluvial Deposits and Their Effect on River Activity, 
Fisk, Waterways Experiment Station, Vicksburg, Miss., eas 196 
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niin ‘stream trenches. Crow leys Rides the divide. 
: upper Mississippi and: Ohio river trenches, and Macon Ridge marks the 


_ divide between the Arkansas and lower Mississippi r river trenches. — Divides — 


" between minor tributary valleys are all buried beneath the alluvial n mass, 4 


although they lie near the surface in several areas. 


alluvial valley is actually: a valley-in-y ~valley feature reflecting the 
in 24 ey cyclical events that occurred during the latest epoch of geologic time. The 
a a entrenched valley system was eroded during the last glacial stage (late Wis- 
eonsin) during the time the sea was being lowered 450 ft as water was with- 
a drawn to form huge » glacial ice masses. \e hese ice masses reached their. climax ; 
ie a of growth about 30,000 years ago. When the glaciers began to disappear, the ; 
if, ae _ waters from their meltin returned to we oceans and caused the sea to reach — 
— 

Stream gra adients 


= Sing) 


Meander Belt Meander Belt 


Meander Ber 
(Silty Sands) 
oF VALLEY IN Larrrove oF Narcan, 


bey the As the sea level rose, stream gradients 
were progressively decréased, and a great wave of alluvium spread upstream, 


resulting in the deposition of progressively fi finer particles (Fig. 3). ase ‘ 
‘The sedimentary mass laid down near the shore of the Gulf of Metico 


iat during and subsequent to the rise in sea level is much thicker than any that | 
is 3 could result from a 450-ft rise in sea level. Both top stratum and substratum ‘ 
are present and their combined thickness is more than 600 ft. The excessive 4 

"thickness of the s section indicates that the river mouth h region. has been n sinking e 

the period of sedimentation. 


, at the junction of the 


upper Mississippi- Missouri - rivers send the Ohio River and follows a crooke ed 
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Ps, it Its course lies close to the 


eastern wall of the alluvial valley in the central part of the region, _ 
. south of Memphis, Tenn., where it swings far to the west of Greenville, Miss. _ 
A Its flow is divided near Angola, La., where the principal distributary, the 
Atchafalaya River, starts a relatively short course to the Gulf of Mexico. "i 
‘i ‘The main Mississippi River flow continues past New Orleans, La., and then 
a separates into several minor distributaries (or passes) which form the river 


“mouth delta. . The master stream is joined on the western side of the valley 


Angola by those of the Red and Ouachita river ver systems: (Fig. ‘Tributaries bis 
from the eastern side of the valley are all small, the Yazoo 


feature of the Mississippi River i is the active migration of 
- its channel. Bank surveys dating from 1765 show that the channel has mi- 
grated rapidly a and over wide areas in 1 the northern part of the valley. ; 


Donaldsonville, La., 
position has been slight. Inequalities in the erosional anil depositional 


_of the flowing water mass are directly responsible for channel migration. ut he 
= water velocities and deepest channel are at points of bend (bendways) a 
where the thalweg! lies close to the concave river bank. Bendways are separated 
q by “crossings” in which the channel is comparatively broad and shallow and eee 


the velocities highly variable. Scouring is most intense in the thalweg of ’ 
bendways, and bank retreat occurs when ‘the concave bank becomes y 
caving are transported downstream ind deposited on sand bars in the shallow eo 


slackwater areas along the « convex bank of the downstream bend. Thus, the 
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= MISSISSIPPI RIVER 


convex bank as a result of. accretion. Ay - Irregularities i in the retreat of the ¢ concave ’ 


“3 river bank are caused by normal changes i in channel alinement, resulting from 
24 ‘variation i in river stage and by local resistance to bank caving. ‘The advance 

of the convex bank is also irregular and is marked by a a succession of | sand bar 
ridges and intervening swales. _ A bend enlarges as the bank-caving and es 
building processes | continue, and the channel may eventually form a meander 
loop. The history of development: of the loop is faithfully recorded in 

5 arrangement. of point bar ridges and swales (the accretion topography) within 

Shortening of the river is accomplished by a neck “cutoff” when the up- 

stream and downstream arms of the loop rete _ The ends of the cutoff a4 


False River 


A 


Ge 
= 


pe aier ‘become plugged with sediment, and the remaining portion of the = 
channel forms an oxbow lake which eventually becomes filled with a ‘ “clay 
plug” of silts and other fine-grained alluvial materials. . Shortening of the a 
channel i is also brought about by “chute” cutoffs which follow a short channel — a 
chute) across the point bar. Such channels are originally established in 
swale: lowlands between sand ba bar ridges and gradually enlarge to carry the 
main river flow. This type of cutoff is more common above Memphis, where al ¥ 
it gives rise to a number of large bow eyowbasd 
Channel migration. occurs within wide zones called meander belts, the 
limits of which can be accurately established from aerial photographs and 
» topographic maps. Wi ‘Within such a zone channel migration | is indicated by 
abandoned channels, , accretion topography, lakes, and ‘similar phe- 
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interpreting the history of river ver migration . One of the meander loops, 
_ False River, La., which was cut off in 1722, is shown in Fig. 4, the aerial photo- ‘ 
ie The river experienced wide variations in level and under natural oe 7 
- frequently overflowed its banks. When the river topped its bank, sediments — As 
were piled up in natural levees (wedge-like ridges extending landward from : 
a the river bank). These levees are better drained than other flood-plain features — 
: and form a large part of the cultivated lands in the valley. A typical one | 
borders the cutoff meander loop occupied by False River. Natural levees” amt 
line the entire course of the river and, as a result, the stream flows within a an ee = y 
luvial ridge which rises a few feet above the lowland surface. Lash yaiboo! Sn 
to South of Donaldsonville the ridge is a simple feature made up of bidet 
continuous _landward-sloping levees either side of the channel. _To 


levee which border abandoned channel segments within the 


as the active channel. sei! natiogy Isivulle 


iy 


x! = The inthe of the alluvial valley i is a a wide vlsin of very low relief that = 


been constructed through | depositional activity of the Mississippi River ar and 
its tributaries. The nature and ‘distribution of ‘drainage lines and of such 
es. topographic features as natural levees, bar accretions, and old channels provide © 
evidence of f long-continued stream action and demonstrate that each of 
rivers has occupied and abandoned several courses while the “plain has been aly 
under construction. Most prominent of the depositional features om the ak 


meander belt ridges marking ancient courses of the Mississippi River. Each 


- ridge 1 now holds traces of river a activity ‘comparable to that of the modern 
- Mississippi, and each course branches near the coast into a pattern similar ae 
_ that formed by the Mississippi distributaries . The generalized position of the 
axial lines of three of the old Mississippi courses is shown in Fig. 1. Although ee 
ancient meander belts of the Red, Arkansas, and White rivers, and other large 
_ tributaries are minor features, they are well defined and easily traceable S 
a ‘The various alluvial ridges formed b by the Mississippi River separate the 
a into flood- basin lowlands called backswamps (Fig. 2). Typical of these _ 
is the Yazoo River Basin (or “‘delta’’) in which floodwaters are eri <5 
% be, between the eastern valley wall and the Mississippi meander belt ridge between ee 
Memphis and Lew alluvial ridges, such as the. one marking the 


7 


elements. ‘The Atchafalaya Basin i in southern Louisiana lies 
ie alluvial ridges of the ancient Teche-Mississippi_ course and the modern © 
river. _ It is separated into ‘minor basins by the alluvial ridge ¢ of the Lafourche- 4 

_ Mississippi course and by a ridge along the Atchafalaya River. The bear 


forested basins: held a complicated network of which serve 
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connected with the Gulf of Mexico a series of minor bayous and lakes. 

oa The three main sections distinguishable in the alluvial plain are shown in ifs “¥ 
a _ Fig. 5, together with the sedimentary deposits which underlie them. In Fig. = a d 
the meander belt deposits include bar accretions, channel fillings, and natural — = ie. 4 

The alluvial fan deposits are locally overlain with thin backswamp 4 >. 
deposits. Included in these backswamp deposits are fresh water sediments laid a Var 

she _ down in flood basins. The deltaic plain deposits consist of backswamp, r marsh, — 7 4 

, a and marine deposits. The flood plain is the most extensive of these sections a _ 4 

: and covers a total area of 22,000 sq miles. This flood plain includes all the | 4 7 


sa ‘meander belt ridges and flood-basin lowlands in the valley that were subject to — . 


flooding under natural conditions. ‘The deltaic plain is the ‘most continuous 
ate of the valley. It: includes the near sea level lands, south of the head of 


deltas of the several of the river. ‘The deltaic p plain embraces an area 
e eet of 13,000 sq miles and merges with the flood plain around its northern margin, 
se 3 The alluvial fan section | lies in the northwestern and northern parts of the evalley %, 


a and rises slightly above normal flood level. This section consists of approxi- a: 
mately 15,000 sq miles of slightly dissected lands that bear traces of braided “Sa 
ao ta stream courses and are the remnants of the old alluvial fans which were built” a 


‘The ‘distribution and lithology of the ‘top stratum an are » closely related to 

the valley. The deltaic plain, flood basins, alluvial fans, AY re 

: i and 1 several units | in the meander belts, all receive deposits of fine-grained a a 

sediments and have developed in the course of valley aggradation. ae 

a Viewed as a longitudinal unit extending along the valley through = 

5 principal environments of deposition, the top stratum is a wedge that thickens _ ‘3 

= in a seaward direction, composed of relatively impermeable deposits — : 

ye 9 from thin silty sands at the north end of the valley into a thick, predominantly ee 7 

- clay mass near the Gulf of Mexico. This wedge is evident in Fig. ee 

ie _ The top stratum materials everywhere grade downward into the ‘ ‘clean” revert a 


action and river have eroded the original top stratum 
‘<n replaced it with meander belt deposits in which the top stratum element is less — 
a es widespread an and generally muc much thinner. / As a result of meander belt develop- 

5 ‘ment, the top stratum over much of the valley is divided into a series of long, . 
eit thick Prisms with intervening thinner and less regular masses, as shown | in 4 
‘Fig. 2, the cross section of the narrow part of the valley near Natchez, Miss. 

i Thicknesses of the regional top stratum wedge have been measured at several — 


Pe points s where this wedge forms the river bank at the « edge of the m modern meander — 
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™ «fie top stratum is most widespread and thickest beneath the deltaic plain, 
= oa a where it reaches a maximum thickness of over 300 ft (Fig. Bs Here it consists 
materials laid down in several brackish water and marine environments, such 4 
il as ) marshes, lakes, bays, beaches, : and the gulf bottom. Near its margins the the 4 
i — top p stratum also includes fresh | water deposits laid down in flood basins. ne ww 
7 2A The backswamp deposits are made up of silts and clays carried in suspension 4 i 
_ by floodwater and dropped in the flood basins. . The slow and long- continued | 


accumulation of ree beds is reflected in the characteristic sequence of homo- 
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GENERALIZED SLOPE PROFILES 
Valley Slope (Measured in Flood Depth of Channel 
Maximum Depth of River (Line 
Connecting Deepest Points) | 


Some Deeps, North of Baton Rouge, 
Are Points Where River Impinges 
_ Against Valley Walls a 


Top of Prairie Formation 


w 


Sea Level Datum — 


;Mean 


in Feet 
= 


tion, 
8 


22371 
5498' 


El 


leva’ 


300 400 500 


Fi 10: 6.—Store RELATIONSHIPS 


trees ‘in several places. The backswamp deposits form only” a thin mantle 
cae in the latitude of Memphis where they locally overlie the top. stratum of the 
a a ; alluvial fan deposits, but these deposits gradually thicken ee to more 
then 100 ft in the latitude of Baton Rouge, La. 
be) The top | stratum of the alluvial fan deposits is a widespread aa laid 
> ei during the period sea level was rising and ?~ streams had steeper 
gradients. It is relatively coarse and consists primarily of silty sands with 
local channel fillings of silty clay. The en entire mass is thin, generally not ‘more 
complicated of “the top materials are those tel dem in 
nj ge levees, point b bar accretions, an and apereney channel fillings of of ree 
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valley the natural levees are composed of silty sands, and few are more than i 
15 ft thick. _ The point bar accretions are blanketed with an irregular thickness _ 
of silty sands and silty clays, sand bar ridges are overlain with silty sands, an 
swales a are underlain by si somewhat thicker silty clays had | 
a The abandoned channel fillings (or clay plugs) are thicker than an any other I 
meander belt top stratum deposit. They are thickest in the position of the -. 
z channel thalweg in bendways and in the area across the ends of the channel a 4 


silty clays and reach a of ft. pti At the north of the 


arms in which a deep scour pool forms when the cutoff is accomplished. KK Fig. Ey Pee 
a indicates generalized thicknesses of the top i within the channel and | ie 
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= Thickness Over 50 Feet 
\ = D Thickness Over 50 Feet 
(Includes Lake ake Water) 


Area Scoured During 
Cutoff of Meander Loop” 
Fie. 7.—Laxe Cutcor Curorr MEANDER 
over the scour pool of the abandoned Lake Chicot meander, in which the clay 
plug filling has been adequately tested by borings. The clay plugs have been - 
mapped within the modern meander belt throughout the valley and = 


thickness, as determined from borings, . is shown in Fig. 6. The maximum ~ 


PS ¥ thickness of the plugs conforms to the maximum 1m depths of abandoned channels" a 
and the thickness increases from an average of 60 ft in the north end of the - 


valley to over 120 ft:near Donsldsonville. stipaden one, ebad = 


q 
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7 ‘The characteristics of the Mississippi River reflect the adjustment ‘of - 
Toad and great volume of flow to the valley slope and to the bed and bank iz 
‘materials i in its channel i is scoured. ‘The r river every where scours into 
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ene by |! both the local and regional characteristics of the channel and by eine 
between high stage low stage channel widths and 


a slope is relatively steep and substratum sands and anima form most of the” 
and bank materials below the low waterline. The channel gradually 
om and deepens in a southward direction on the. intermediate valley 
slopes between Memphis and Donaldsonville. These channel changes can 
: be correlated with the gradual increase in thickness of t the top stratum through- 
out this section that extends below the low v waterline. _ Where the river scours 
into the substratum, its rate of migration has been relatively rapid and has 2 
resulted in the development of a wide meander belt. South of Donaldsonville, — . a 
_ where the valley slope is low and the river is confined to a thick mass of fine- 4 ¥ 
q grained alluvium and valley-floor deposits, the channel is deep and compara- : 


AS tively narrow. The extremely slow rate of channel migration in this anti 


Landward Shift of Deep Scouring 
Area in Talweg indicated 


Profiles A, 8, and 


wes 


materials effectively hinder local as well as regional channel 

‘migration. Thick channel fillings have long been known to form “hard 

points” that resist bank caving, and thereby alter the shape of the channel 

_, section and that of river bends, and bring about changes in the river 

fede ‘The gre greater resistance offered to bank caving by the top . stratum 


as compared to the resistance of sandy bed and bank materials reflects de . 2 ; 

tapes properties of its mass. Inasmuch as fine-grained silty and clayey | j 
beds are more cohesive than sands and are relatively impermeable, | they are i : y 

not greatly influenced by fluctuations in hydrostatic pressure resulting from “ A 
* changes in river stage. The top stratum reacts as a unit when the bank caves. — + a 
Barge masses, called slump blocks, slip into the river, rotate, and are tilted — . “4 
4 bankward (Fig. 8). The resultant indentations give a scalloped bank line. - ™ 
bank lines in sandy se sediments ar are smooth because | sands behave ™ 
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MISSISSIPPI 
collection of particles and sandy retreat under 
river attack through a gradual process called sloughing, == | 
ait _ The primary cause of bank “caving is known to be scouring in the thalweg es 
of bendways. This has been proved by ‘dredging operations. In order to 
correct river alinement in some bendways, the Corps of Engineers, United 


in: ‘States oe, neve dredged ir in the thalweg and forced bank recession of te 


Fine-Grained Channel Fillings \ \\ Rosedale, Miss 
40'Thick 


Fine-Grained Channel Fillings 
- AY Less Than 40! Thick or Not Tested’ 
Sandy Bar Deposits Includes Silts 


and Silty Sands of Top Stratum ral 
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‘The position of maximum scouring it in the thalweg gradually ‘shifts 
and destroys conditions of equilibrium that tend to exist between the mass of a 
river water and the water-charged substratum sands. _ Adjustment i is effected — 


iby tiverward movement of the river bed sands to the point of ‘scouring and 


possible because the sands are saturated with ‘water that may be under a a 
_ higher hy drostatic stress than the water in the river. The difference in hydro- 


Laboratory Study of of Alluvial by Jos F, Friedkin, 
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tate stress may be caused by a falling river itiein a high ground- water level, 
“4 turbulence in the river, or a combination of these factors. If the bank consists _ 
of sandy materials, adjustment is translated upward through the 
grains, and sloughing occurs immediately. . If the bank is formed of the a 
however, scouring may proceed until the channel is 
_ greatly overdeepened, and the withdrawal of the material from beneath the | 
top stratum causes the bank to collapse and to slump. oft), 
vel Many areas illustrate the control exerted on river migration by thick top st 
stratum materials in local bank areas. An excellent example is afforded by 
pees Walker Bend (river mile 490 below Cairo) that lies approximately 5 oe 
dow nstream from Greenville. Here the western bank of the 1 river is developed _ 
Lake Chicot meander. Surveys dating back to 1883 show that local channel 
_ migration has been slight and local river alinement has remained constant. A pa a 
> slight eastward bulge in the bank line has formed i in the vicinity | of the thickest i. 
part of the clay plug which fills a scour pool over 100 ft 


_, The. of widely spaced clay plugs on river alinement is is in 


Caulk "Cutoff, dating 1881. The channel filling 
upstream arm of the Lake Beulah meander loop has retreated more rapidly — 
= the thicker clay plug in the downstream arm, As a result of this differ- 


ential resistance, the channel has changed its alinement and has shifted west- 


‘migration h have ve occurred downstream along Bolivar Bend, an active section * 
of the river "3 co course prior to the en developed | Caulk Cutoff. a 


= 


Fioor Deposits aNnp RIverR BEHAVIOR 


Valley wall materials are all better indurated than the 
% ‘and are more effective in hindering channel migration and in controlling river aes 
( alinement. At each point w here the river impinges against the valley wall there a 
is an abnormally deep : scour hole in the river. (See points on Fig. 6.) South of 
4 Donaldsonville the river is actually scouring its channel in tough soils of the — a 
Prairie formation buried beneath the top ane several abnormally deep 


scour holes have developed in the bendways. wae 


a Lonc-TERM STABILITY OF THE RIVER ? 


ae The si aa history of the alluvial region indicates that the character of 
changed the time when | sea level reached its 


“Basic Aspects of Stream Meanders,” by Gerard H. Matthes, Transactions, Amer. 


ward below the Lake Beulah meander. Similar effects of clay plugs on channel be os 
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the Mississippi River was comparatively stream that 
2A. occupied many shallow channels as sea level rose. At that time the behavior 
| of the river on the steep valley slope was in all probability similar to that of — 
= modern braided streams such as the Platte River. The braided character of — _— 
=. abandoned channel scars of Mississippi origin may still be seen on the surface . 
ee _ of the alluvial fans at the north end of the > valley west of Cairo (Fig. 5). cet 
river did not begin to meander until the sea had almost reached its present ao 
— devel. | ‘The meandering habit started on the relatively low slope of the valley — 
oe near the river mouth and gradually developed upstream as valley aggradation 
progressed and the upstream 1 slope was lowered. - Eventually s sea level reached 
[c : its stand, and a permanent adjustment was reached between slope, volume of _ 
flow, and load introduced by tributaries. After that the meandering channel 
of the the lower Mississippi developed throughout th the e entire ler length of the valley. 
a Each time the Mististippi was diverted from a long-occupied course, traces 
of river activity were left in the various meander belts, and the cause of each 
diversion can be interpreted from flood-plain features. New courses became 
a - established ji in flood basins and developed because. their ‘shorter | paths to the 
- sea provided a gradient advantage. | They appear to have developed slowly 
- Most of the ancient diversions occurred when an actively migrating Mis- — 


- sissippi meander loop reached an adjacent flood basin and intersected a tributary | ‘5 
stream that had a channel sufficiently deep and open to carry low-stage flow 
the river. Typical of such changes was the shift from the Teche- -Mississippi 

- to the modern course near Vicksburg when a migrating meander loop extended © 

_ the channel of the Yazoo River. Somewhat different conditions led to the i. 
: of the Atchafalaya River that carries a large volume of of water 
the Mississippi. Mississippi waters e1 enter the Atchafalaya by y way of 
7 Old River, a short stream which follows a lower arm of an ancient meander p’ 
_ loop o of the Mississippi . The Red River enters the upstream arm of the same ‘te 
loop and originally joined the Mississippi at the head of Old River. . When the ’ hort 
i meander loop was breached, waters from both the Red River and Old (Mis- | iy 
- sissippi) River flowed seaward through a network drainage channel within the — 
a al | Atchafalaya Basin. It is ; probable that the original enlargement o of the Atcha- 
 falaya was accomplished primarily by the scouring action of the Red a 
% rather than by that of the Mississippi. * As the channel enlarged, an ee 
quantity of Mississippi water er passed through it. 4 
Ancient courses of the Mississippi, such as the Teche, Lafourche, or Sun- 
See (Fig. 1), all present excellent evidence of di diminishing flow prior to com- 
: plete abandonment. The full-flow course m may be seen outlined on photographs 
_ by natural levees and other distinctive features, but, in addition, the channel Pies 
- is filled with narrow accretion ridges. These depositional features a 
- caused a narrowing and local straightening of the channel with a few abnormally ik 

_ sharp bends. _ Because there i is no evidence of channel migration accompanying 7 

the filling of the channel, it is clear that the stream flow must have = 


— 


greatly decreased before deterioration set in. 
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_ No record of the widening of the new channel is preserved, but thei increase 
, ast nifeted is recorded in progressive course lengthening across the deltaic plain. 
4 Bet 4 _ The course grows seaward only after the Gulf bottom has been built to sea 2 
~ level and low natural levees can confine the flow. Many distributaries develop 
i an as sedimentation continues, but only those with favored alinements continue 
carry water from the river. The final pattern of streams in the delta 
is composed of a few large distributaries branching from a main 


near the coast with traces of many abandoned. distributaries forking from 


distributaries had narrow channels and were abandoned in the initial 5 

‘stages of course development during the time the river ‘was carrying less 


not develop until the main low water flow follows the Atchafalaya. 

a on ee geological work in this paper was done under the direction of the _ 


writer. was in n May, 1941, by Maj M. Tyler, M. ASCE, 


, as yet visible downstream in the ‘Mississippi, and it is probable that ut they will 


the general supervision of Gerard H. Matthes, Hon. M ASCE. 
_ work was continued during the administration of Maj. ~Gen. R. W. Crawford £5 
during: which time it was by Charles: ASCE. 


= | 4 Pov { 


a 
ai 
a <> 

— = be actively enlarging its channel, and its course is being lengthened seaward — 

— 
— 
— 
— 


Lgo M. Opom,* M. ASCE.—The geological report on the alluvial 
of the Mississippi River, prepared by the author for the Mississippi River A “yaa 
- Commission, ‘that is outlined briefly” in this paper, is a true milestone in ‘the +> 
work of collecting and analyzing information concerning the great river and 7 ne 
. ‘its valley. - This collection and analysis has been in progress since the earliest he 
settlements were located along its banks. ait} lotgiuse ods ai « ai 
During past years students have arrived at various conclusions regarding — 
‘the geology of the valley. Sir Charles Lyell in 1845, for instance, deduced — 


me “that the valley plan of the Mississippi has been subjected to great = 


of: level ft below its present level to its former position. 
i Lae _ Each theory has been more or less discounted or rr been proved to be insuffi- 
cient in scope by subsequently available data. pat! 16 10 be 
author’s investigation was made at a time when it appears that prac- 
= | tically everything necessary for a study had finally been secured. Thegeology 
7 of t the « continent is now well ur understood . Thousands of borings, many of them = 
of great depth, had been made and logged; “ie but of probably the greatest 
_ value, a great portion of the valley had been mapped by aerial photography, — a 
furnishing a new tool for the study of land forms more accurate and much 
detailed than had ever been available before. jovi: 
The need for a new comprehensive geological study in the light of the wealth — 
of information accumulated since the last effort was 3 one of the prime problems — 
"that faced Major-General Tyler when he became president of the Missis- 
sippi River Commission. The cutoff program having been largely completed, 
stabilization of the river was the next big problem. An over-all picture of 
‘the characteristics of bed and banks could only be obtained by such a study. - 
General Tyler was fortunate to obtain the services of a man with the mulcnane ite 
and vision of the author for this study. ~The geological investigation carried th as 
on concurrently with a laboratory investigation of the meandering of alluvial La =, an % 
and various rare on and effects of revetments, dikes, dredging, 


it offers a 
fo of the of the. must be gratefully 
A a accepted. The portion of the paper devoted to the mechanics of meandering A ; 
and d alluviation i is, however, within the field of every-day experience and treats : 
of phenomena that have been the subject of en engineering investigations since 
the earliest days of work on the control of rivers. 


it is granted that the generalized scour, ‘fill, 
are probably sufficient for the purposes ‘and scope of the paper. 
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The geological background of the river with which it is necessary to deal 
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” 4 For engineering usage, however, no such positive rules can be accepted. 
example, there are many locations on the river at. which the deepest holes and F 
- Maximum caving are far removed from the concave bank. At Point Menoir ~ a 
_ (Mile 253 above Head of Passes) and Free Nigger Point (Mile 234 above ‘4 
Head of Passes) there are deep scour holes caused by eddies very near the 
convex bank. In the bights of these bends depths near the concave bank are 
_ relatively small. These bends come under the class of those mentioned by the 4 
hy author in the section on “Control o of River Behavior by Alluvium”’ ” as occurring - Z 
ay where the river impinges against the v valley wall. _ However, he does not mention — : 
the locations of the scour holes. At many other locations the greatest depth 
in bends i is near the center of the river. Off Algiers | Point, for instance, where 


a or there i is no ‘impingment against valley walls, the greatest depths are 1 are near the 


convex bank and are in excess of 200 ft below mean sea level adhe: 

In studying the processes that mould and modify the river 
c geologist’s field laps with that of thee engineer. Iti is to be hoped that a coopera- a 
2. tive study of the processes will be carried on until definite answers are obtained. 

‘The: author’ use of "the obscure te term “point of bend” brings to mind the 

"paucity unsatisfactory character of the terminology used in river engineer-— 

ing. The writer has often found it very difficult in preparing reports to reserve 

r the terms * “point” and ‘ “crossing,” fc for instance, for the phenomena for which — 
‘they a are the only ; accepted | names. . Geologists are noted for the invention ie 

names, so much so that their vocabulary has become a study in itself. © oa 


writer for one would be grateful if would words to 


_ Srarrorp C. Harr’. —The importance of the studies, ably and conven- 


; ‘ently summarized in this 3 paper, is not limited to the lower Mississippi engi- eS S 
4 _ neering problems, important : as } those are, but without doubt w will have e much a | 
wider. influence in both the engineering and geological fields. The “recent. 
geological investigations of the Mississippi alluvial valley have provided a 
major advance in the know ledge of river behavior, , and related geomorphic 


principles. The complex alluvial deposits and i river processes have not pre- 4 


one viously been so concisely and clearly described. — a This paper will be ‘especially wy 
aes in bringing | to wider attention | the studies that have been previously - 


- entrenchment following late Pleistocene lowering of sea level by glacial ice = 
= accumulation, and subsequent aggradation due to post- glacial rise of sea level. ic 
These basic concepts. will probably not be seriously question ed, but some 
- further details of his. interpretation of the alluviation are less convincing, and 
alternate hypotheses deserve more than they are accorded 


Corps 0 of Engineers, ‘Uz 6. Dept. of the Army, Kansas Kansas City, 


—— 
— 
— 
“KR 
if 
— 
— 
iG 
be 
7 
> 
th. 
Gescribed il more detail, In media OF TCu S sul De 
a fi hoped that more of the original, basic field data will be published for critical 
— 
Aa 
‘ 
— 


Postulate of a braided-channel river to account 
4 the substratum of some 100 : ft to 300 ‘ft of clean sands and gravels; _ ie ie 

(2) gradual change in the nature of deposition to produce an ‘ ‘original 


jie Beginning of the present meandering habit on the lower slope n near the brid 


- mouth only after the sea had almost reached its ; present lev el, with meandering — 
a developing upstream as aggradation progressed and the slope was lowered; i 
3 (4) Adjustment of the river to “its constant base > level,” and ‘thereby a “a 
taining a “poised” condition in which it is neither aggrading nor degrading, a 
7% but only reworking its older alluvial deposits within meander belts. of several ba 


suecessive courses in various parts of the alluvial valley. 41. 


It is not necessary to postulate a braided channel phase i in order to account 

al for the sand and ‘gravel substratum, or a change in deposition to account for _ a 
the top s stratum. There i is no reason why a meandering river cannot aggrade 
ad its bed and flood plain, : and accumulate a considerable substratum of sand and ; 
a ee gravel beneath a silt and clay top stratum. Sand and gravel are usually a 


load materials and are sorted and left behind i in point-bar ridges, or lateral — 


‘accretion deposits, as a meandering channel shifts within its flood plain. . 


time the bed load deposits are covered by finer materials deposited from shal- 
_ lower overflow waters, “usually slowed by vegetation, and thus a top stratum “3 
2 is formed | over sands and grav els of only slightly greater age. From « a geo ‘ely 
logical viewpoint, flood plain top stratum and substratum are formed 
currently and are of the same age. If more bed load reaches the river = : 
it can carry away, the! lateral l accretion deposits: will gradually bet built to higher 
he elevations, and thus a thickening substratum will accumulate and be | covered — 
_ by the top stratum which is being eroded away on the outer sides and replaced. b= 
the i inner sides of channel bends. ‘The relatively thick sandy ‘substratum, 
nd finer top stratum, thus could have been produced by the same river proe- i. 
- which Mr. Fisk has described as operative in the present Mississippi _ 
alley, without requiring any changes i in base level, or in river r behavior. aq. ems 
i The only « direct evidence for former braided channels appears to be the Ls 
fi surface pattern of terraces in the upper part of the valley. _ These are quite 
ba different from the pattern of the meander belts, and the terraces are reported 
to ‘slope beneath the flood plain jin a downstream direction; but the surface 
features may reflect only a late, minor phase in perrace development, or possibly — 


even slight surface erosion. The Rio Grande is an aggrading river above 


Elephant Butte Reservoir in central New Mexico, and has a braided channel, 
but during the prolonged major fi flood of 1941 most of its flow was concentrated — We ~*, 


in as relatively narrow, deepened, winding course within the wider sands of the ns 
usual braided channel. Aggradation is comparatively rapid on the Rio Grande, x 


relative to meandering, and considerable parts of the top stratum are = 


bed load sands by river avulsions during floods; yet meander patterns 


a are prominent on the flood- plain surface. _ Where aggradation i is relatively less 


™ 

rapid than meandering, the sand substratum will be thickened while the top 
= - stratum i is repeatedly r reworked and replaced at higher elevations, rather then 
being buried. | It seems s probable | that t meandering would have been predomi- ee. 
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on lower Mississippi, which: generally has not its. bed more 
an about 100 ft since the late Pleistocene entrenchment. adh oan} 
The postulate tl that meandering began on the flatter slope near the mouth, 


gradually deve eloped upstream, also seems questionable. “The relatively 


‘ottginal courses on relatively flat slopes, whieh j is in accord with ¢ con- 
ae ditions observable on the new deltas of artificial lakes. If the present river Y a 
a - does not meander on its flatter slopes, however, it appears illogical to postulate ee 
that ‘the ancestral river first developed meandering on the flatter slope near 
its mouth. _ It seems that meandering would be more likely to develop farther Na 4 
_ upstream, where steeper slope and less resistant sandy banks would be more e : 
conducive to lateral bank cutting and channel migration. Individual meanders" Bi 


certainly shift in a downstream direction, and this would facilitate downstream, 


but not upstream, extension ofa meandering pattern. 
It is suggested, as an alternate hypothesis apparently in accord with the — 
geological evidence, that the lower Mississippi was probably a meandering - 
a, ar _ river throughout much, if not all, its period of aggradation, and that its past *| 
= oa deposits and future history a are most reliably interpreted i in | terms | of its present . 
7 4 observable processes of behavior. id This implies that meandering has been suf- 4 


ficiently active to remove and replace top stratum deposits before they would — Ds a 

_ otherwise b be buried by aggradation, except in the flatter delta where aggra- 4 

dation presumably has been largely a thickening of the top stratum. This - 


 dgmethenie does not require a former braided channel condition, nor any “change 
in deposition” to account for an “original topstratum. ” The present thicker oe sf 
_ flood-basin or backsw: amp deposits are accepted as those parts of the flood 
plain which, by chance, have remained longest outside the meander belts. a 
‘The lower elevation of the sands under such areas may be evidence of progres ae 2 
Bee aggradation. P Finally, and most important, this hypothesis implies that Ss 4 
+a, the present river is the product of a long period of aggradation, rather than 
being the product of a new and more stable “poised” regime. Aonils.:cicis ile 
ae aliull he « concept of the ‘ “poised” river is useful, and the terminology is apt. a 
4 It is important, however, to understand that it is based on lack of recognizable a 
— _ aggradation or degradation during the comparatively short period of accurate Bo - 
measurements. Levee building, revetment to protect eroding banks, dredging 
% a _of crossings and shoals, removal of snags and clearing of banks, artificial river mj 
— eutofs, partial flood control by reservoirs, and changes i in surface Tunoff and 
soil erosion due to clearing of forests and agricultural practices, all 


= 


7 _is a logical result to be expected; but the rate and extent of such aggradation, = 


the effects of other factors, are ‘uncertain. The poised condition may be 
4 ‘sufficiently well verified to indicate that neither aggradation nor degradation — ‘ | 


a rapid enough to affect engineering plans within periods of a few decades, — a 
bet it would appear unwise, ‘from | present data, to — 
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Hanou N. Fisk*.—The remarks of Mr. Odom concerning the value of 
writer’s geological investigation of the alluvial valley of the lower Mississippi 
River are greatly appreciated. o It is the writer’s belief that no generalization = 
- based on either geological or engineering 1g studies of over-all river activitycanbe 
ae formulated as a hard and fast rule for interpreting a local engineering problem. — 
= Although cooperative work between geologists and engineers i is highly desirable — 
ae for a complete understanding of river phenomena, the answer to any local © 
question must rest on the accumulation of sufficient data necessary for proper 
analysis. . F ‘ield evidence has fully supported the writer’s generalizations t that 
deep scour pools occur within bendways in areas where the river impinges 
against the valley walls, or in other areas, such as those re 
owl thich Mr. Odom mentions, where realtively impermeable bed and 
materials strongly re resist bank ¢ caving. It has long been known that the p al 
tion of a scour hole varies slightly from time to time in a bendway and that eh 


es its position varies with each bend. |. In order to explain satisfactorily the loca-_ + 


| _ tion of an individual scour hole in a bendway, it i is necessary to obtain detailed a 
ia data concerning such factors as changes in river alinement associated with stage 
= and with bend 1 migration, and the local character of bed and bank oe 
= directing attention to the lack of satisfactory terminology for Mississippi 
River phenomena Mr. Odom has touched on a subject which plagues both 
engineers and geologists. There is a great need for definitive and en A bs 


fam since many of those in use today originated with early boatmen. Al- _ 


though such terms may have sufficed for the needs of men navigating the 
river, they : are certainly inadequate for - detailed expression required in the — 
technical description of river activity, eee 
Bhi In his s thought-provoking discussion, Mr. Happ expresses disagreement with © 
the writer’s views that during the gash: of valley alluviation the | . Mississippi 
River has changed from a braided to a meandering stream. He suggests that Sie 


the ‘Mississippi Riv er has maintained its meandering habit - during 


concept of the Mississippi River activity ie been based are e summarized i in is 
the paper under discussion, and those pertinent to questions raised | by Mr. 
7 Perhaps the most convincing proof that the Mississippi River was a braided © 
F stream until late in the history of valley development can be obtained from e 
aerial photographs. _ These disclose many old braided channel scars on ‘the vy 
‘surface of the large low alluvial fans which slope | away from the mouths ae bi 
each tributary valley. ~The fact that fans are in places buried by modern = aa 
flood-plain deposits: indicates they wer were constructed i in large part while valley 
slopes were somewhat steeper than at present. ‘Like similar features i in pen 
areas, extension of the foot of of these fans was accompanied by 
ment of headward areas. As a result the upstream part of each fan surface 
; = now rises as a low terrace above the flood plain while, downstream, the slope y aa 
M3 of the surface carries it below flood- -plain level. _ Braided stream scars that con- 
_ verge toward the mouth of the upper Mississippi valley ca: can be traced dow a 


Tr 


re ®Chf., Geologic Research, Humble Oil and waxes Co., Houston, Tex. 


— 
re 
i} 
— 
5 — 
ly 
ly 
n- — 
» 
ite 
ar — 
he 
— 
ng 
at 
nt 
— 
— 
= — 
le 
te 
aa 
nd 
me LA 
ed 
ue — 
— 
be 
—— — 


FISK ON MISSISSIPPI RI RIVER 


7 meanders. fs Braided ¢ courses have also been 1 scapes for other major tributaries, q 
such as the Arkansas, White, and the Ohio rivers, demonstrating that the = 
change from braided to meandering habit was not limited to the Mississippi 
4 River, but was brought about by regional - changes affecting river activity. z 
An outstanding feature of the Mississippi valley alluvium is the absence of 
silts and clays: in those parts of the substratum away from the ‘Mississippi 
4 River meander belts « or | below depths of river scour in those belts. - Samples: Ss 
in these areas from thousands of borings which have completely penetrated the 4 
substratum show only ‘ ‘clean” sands or gravels. mu The matrix of thes substratum 
is composed of sand grains which decrease in size upward in n the section and a 
¥ down valley. As interpreted by the writer, these changes in grain size record ae 
gradual Lous in stream carrying capacity resulting from a progressive decrease 
in slope during valley aggradation. also show that at any given time of 
a alluviation the valley slope was lower i in the river mouth areas than upstream. % ;) 
uy The matrix sands enclose thin lenticular bodies of pebbles, cobbles, and boulders o 


of very local extent. Particles comprising | these masses also decrease in size 
seaward; pea-sized grains are the coarsest recorded in the substratum near 
modern shoreline. Lentils are distributed throughout the substratum ae 
and are found characteristically developed in areas where the ‘ ‘clean’ sands 


a 7 extend close to the surface of the alluvial fans. In such areas, the shape, . 


‘4 thickness, and distribution of the lentils can be closely correlated with the a | 
‘ width, depth, and other characteristics of the shallow braided stream courses. | | 
_ Borings show that the sand accretions of the meandering Mississippi are large — 
thick bodies in comparison with the lenticular masses in the substratum. | a 
- 4 The point bar deposits within the meander belt accretions typically incorporate - | 
swale fillings of fine sands, silts and clays. addition, these deposits 
4 _ include extensive fine-grained fillings for cutoff meander channels. Insofar | 
as no ‘such’ fine- grained deposits | are found in the substream below or away , 
ia from the meander belts, it is ‘difficult to relate the buried “clean” sands to 
meandering stream action. These relationships form a firm basis for omng a 
that the Mississippi River was a braided stream throughout much of 
history of valley aggradation. They: do not support the hypothesis proposed 
by Mr. Happ that the substratum represents bed load of sands and gravels | 
were sorted and left’ behind in point bar ridges or accretion deposits 
the meandering Mississippi shifted with its flood plain. 
In concluding his discussion, Mr. Happ expresses doubt that the poised — 
condition of the Mississippi River er has existed long enough to establish a 
hae — geologic trend. He apparently believes that the only available critical evidence _ 
ae that the river is neither aggrading nor degrading its channel is confined to — 
observational data obtained by engineers during the period of historical 
4 records. It is true that in “presenting the coneapt of a poised stream, Mr. 
Matthes used engineering data and observation of river activity over the past ; 
A 150 years. However, one of the principal conclusions reached by the writer 
i as a result of his alluvial valley studies was that the Mississippi River has | f 
its its poised | character since the sea reached its present level. ig 
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ON MISSISSIPPI RIVER 689 


= Since that time the river Wa ES and abandoned its meander belt Ce 


a the ancient Bayou Teche and Lafourche courses and has developed its present — sare 


i *, ‘channel below Donaldsonville. Careful ‘comparison < of the lengths of the 
ancient courses, their natural levee heights, and the widths and depths of their : 
a channels, with similar features of the modern Mississippi River, demonstrates y 
that the poised ‘condition has existed for at least 2,000 years. eee, af 
The writer appreciates this opportunity to clarify and strengthen interpre- we: 
- ~ tations presented i in the paper. He feels that the wealth of data, the extensive 
borings, the comprehensive photographic coverage, and the detailed mapping 
of the Mississippi pet so amply substantiate the conclusion drawn as il 
—The illustrations used in the | paper were vere taken, directly 


cor slightly modified, from the figures and plates originally presented in publi- et 


cations of the ‘Mississippi Commission and W aterways Experiment Sta- Pi; 
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AMERICAN OCIETY OF CIVIL ENGINEERS 


PREDICTIONS FLOOD CONTROL io 


_ The a relative to the prediction of stages in the lower Fagesn nih 


lati rediction 
of these techniques berg respect to use on the Mississippi River are briefly a 
- outlined. or Methods used by the Stage Prediction Section of the Mississippi _ 
River Commission are explained, with emphasis being given to the method © 


for reaches are influenced by inflows f from major tributaries es. Con- 


Principles of Stage Forecasting —The coming of spring a promise 
relief to the people who inhabit the colder portions of of this country, but to the a 
residents: of the lower Mississippi River Valley spring brings a threat of dis- 
aster. From the confluence of the Mississippi River and the Ohio River at 
om Cairo, Il, a thousand n miles southward to the Gulf of Mexico the: adequacy © 
of the levee ‘system to confine the upw ward surging floodwaters is of universal 4 a 
_ concern. To the engineers responsible for the safety of the valley an accurate a 
forecast of the crest stages that will be reached is of vital importance. Stage ‘' 
_ forecasters, armed with the records of past floods and a sublime faith in the 2 
future, suddenly become either important citizens or public enemies, depending — 


= a in effect when the paper or discussion was received for aoc teeta 
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of the flood for the purpose of ‘establishing the 

capacity limits of control works. 94849 

a ‘y ‘Prediction of the probable flood for 1 the purpose of evaluating the 

accepted tolerances in the design of control works. 

Bae Prediction of the individual flood for the purpose e of preventing loss” of 


a ‘The forecast | for flood is bas of 
ok and duration; the forecast for the probable flood in terms of magnitude, dura- Pa 
: tion, and frequency; and | the forecast for the individual flood i in terms of mag-_ m8 a 

nitude, duration, and expected time of occurrence. This paper deals only with 

es During the flood season almost every operation of the Corps of Engineers, 

- United States Army, throughout the Mississippi River alluvial valley is for the 2 x 
aT purpose of controlling or minimizing the destructive forces of the floodwaters. bs 
Levees must be patrolled constantly. Forces must be mobilized for immediate 

action, and materials ‘and equipment for emergency operations must be avail- 


: able at the time and place needed. Headwater reservoirs must be operated so 


es 


as to to secure the greatest reduction i in the crest of the main stream, and at t the 
time the operation. of floodways. and the flooding of leveed | backwater 
areas must be carefully planned. Areas which will be inundated by such a 
tions must be evacuated to prevent loss of life, and levees must be raised or Ay 

strengthened i in critical reaches. Detailed observistions of stage ‘discharge 

of the current flood must be made so that information will be available for nd 
ae future study. All of these operations are based primarily on stage forecasts. aie 
of _ Factors A ffecting the Forecast.—Stage forecasts used i in planning and execut- rai a 

‘ ing flood- -fighting activities must possess a degree of accuracy sufficient a. 


a 


_ insure the completion of all essential operations and the avoidance of useless 


_ little value, since the successful completion prior to the occurrence of the meh 
crest stage is the only criterion by which the operation can be judged. Conse- ‘oe ¢ 
a quently, a crest forecast must not only be sufficiently accurate as | to the stage . 
expected but also must be made far enough in advance of the crest so that 
? pa will be available for mobilization and the successful completion of the 


‘operations. The mere undertaking of a flood- fighting operation is of very: 


operation. to say, , the accuracy of any decreases as the 
>»: m the 
oe upstream reach and by the volume of water introduced into the | 
reach by tributaries and rainfall or lost through 1 outlet channels. On the 
“ lower Missiesippt River the effect of channel storage (including wedge storage) ie 
ae that the effect of storage varies considerably for different floods. . These 
‘Studies indicate that the amount of water going into storage is a function of a 
both the stage height and the rate of change in stage. The operation of flood- : a 
ways is based on stage forecasts which must then be revised to reflect the _ 
a effect of such operation. Planned variations in flow releases from flood — 
control reservoirs must be taken into account by the stage forecaster. Since 2 
operations of flood ‘control the purpose of 
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on the main river r must be properly timed with the hydrograph 
river, these operations must be based on stage forecasts for the main river. — > 
an This mutual dependence forces t the reservoir operator and the stage ee 
Other factors that may seriously impair the usefulness of stage ery ol 


- 


= 


forecasting. and changes ‘that occur in the regimen of the river. it stage 

predictions | are to be successfully. used: for the planning and ‘execution 
_ emergency operations during flood periods, all of these influencing factors 
must be considered and their effects evaluated within reasonable limits of” 


heir ithin sonable 
DEVELOPMENT oF StaGE RELATION CURVES 


_ The earliest forecasting methods were probably simple “rules of | thumb” 
similar to the. one that estimated the crest stage at. Vicksburg, Miss. , to be 


the Cairo crest on subsequent rises. Another similar rule states that the crest 
% stage at Cairo would not exceed 50 ft unless the Ohio River s stage at Cincinnati, — 
_ Ohio, exceeded 50 ft. The limitations of the first rule are readily apparent since’ a z 

it can only apply to average conditions. The second rule was definitely dis- a 
= Bs _ proved in 1943 when a crest stage of 36.0 ft at Cincinnati combined with one of = 
the larger upper Mississippi River floods to produce a a stage of 53.0 ft at Cairo. 
The floods of 1944 and 1945 produced crests that demonstrated the 
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Cairo Stage, in F 
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28 36 40 44 48 52 56 60 64 
= Memphis Stage, in Feet foots Cairo Stage, in Feet th ; 
Single Line Curves. _—The inadequacy of these rules of thumb to yield 
results of the degree of accuracy required led to the development of stage 
a unehe methods that incorporated the records of previous floods. One > 
‘ 7 of the simplest of these was the construction of single-line stage oe a 
curves, similar to the one for the Cairo to Memphis, Tenn., reach shown in — 
3 a Fig. 1 we This type of diagram, containing only two factors (the stage at the 
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os aa _ 2 1t below the Cairo crest on the first rise of the flood season and the same as 7 — 
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TAGE PREDICTIONS 7 


2 troughs that occurred under conditions essentially the same as those existing 4 : 
at the period for which the chart is to be used. Similar charts for determining — 
the time required for flows to pass through the reach may be constructed by 
plotting the upstream stages against the observed time between ti the corre- — 
The fact that single-line stage relation curves, especially for the 
stages, usually take the form of straight or nearly straight lines led to the 
of the relationship an an equation of the 


=a ho + 


constants and hu are the corresponding stages at 
the lower and t upper ends of the reach. Equations of this type were used for 


claimed that with s¢ some exceptions the variation betw een floods predicted on 
the Rhine and floods that actually occurred did not exceed 20 cm. Curtia 
McD. Townsend, a former president of the Mississippi River Commission, 


“Since the Rhine rises in the Mie mal since its discharge i is regulated ee Za 
wy Lake Constance, it frequently has a flood when its lower tributaries 
are discharging little water. Hence the primary wave is more readily ¢ 
_ determined than in the rivers of the United States, whose tributaries, 
- flowing at all stages with great irregularity, interfere with the primary 
wave flowing down the main stream. On the long rivers of the United a 
zz this method would not give as satisfactory results. Gage stations _ 
~ the Rhine are less than 20 kilometers apart on the average; while on __ 
_ the Ohio River and on the Mississippi River they are frequently more than 
: 100 miles apart, and it is necessary to make predictions over river distances — 
of from 300 to 1500 miles. An error of 20 centimeters between stations _ 
on the Rhine may readily correspond to an error of from 10 to 20 feet on — 
the Ohio between Cincinnati and Cairo, since the principal tributaries of — 
the Rhine empty into the main stream within a distance of 150 kilometers.” | 
Line /Charts.— —Since the single-line diagram is applicable only» 


to reaches of the main stream in which, or immediately below which, nc no impor-_ 
tant tributary enters, the development of multiple-line charts, such as = ah on 
one presented by E. W. Lane,’ M. ASCE, was necessary. With these 


= for instance, the stages at Paducah, Ky. ., on the Ohio River and Cape Girardeau, 
_ Mo., on the upper Mississippi River are used to determine the stage at Cairo 
for the following day. Fig. 1(0) is an example of this type of chart. ree 2 add - 
The entrance of more than one tributary into a reach of the sake river 
further complicates the use of stage relations for stage forecasting. ' The 
entrance of the | White River and the Arkansas River into the Mississippi — j 
River just above the Arkansas City gaging station a 


"example of the effect of tributary flow. 


Lm ‘Etude hydrologique du Rhin allemand et du Main, les Pres, et le leur prévision,” j par M. f. Ea. Maillet, 
males des Ponts et Chaussées, Mémoires et Documents, 1903, p. 200 


4“The Hydraulic Principles Governing Harbor Construction,’ ’ by Curtis MeD. ‘Townsend, 
he W Macmillan Co., New York, N. Y., 1922, Pp. 4 
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STAGE PREDICTIONS 


Arkansas City. Unless the effect of these ‘tributaries on main river 


5 ‘is considered, reliable forecasts for Arkansas City and the stations down- — 
stream are impossible. 7 In 1944 Max A. Kohler, A developed a 


mining the normal relationship between gages on the main river of auxiliary | 
_ charts (one for each tributary) that are used to determine the corrections to 
i be applied to the predicted normal stages. Charts: of the type shown in Fig. 
os were — sad Mr. Kohler for use in predicting stages at Arkansas City. — 


= 
Little Rock Stage 


Arkansas River 


4 


Correction to Arkansa 


il 


Methods of this type permit the predictions 0 of future stages without the use 
of discharge observations or stage discharge curves. If discharge data are 
4 available, the method can be simplified by use of a single multipletine — 
chart which evaluates the effects of tributary flow on main river stages. 
3 used for a on stages at Red River Landing, La., is an example 3 


:- in tributary flow or on main river stages, “either positive or negative, can be con- 
sidered by using charts of the type shown in ‘Fig. 4. 

Limitations of Forecasting ng.—Gaging stations usually 
located a considerable distanct above the mouth to avoid the influence of 
_ backwater from the main river. Successful stage forecasting requires — 


Forecasting Technique for Routing and Combining Flow ‘in Terms of Stage,” by Max A. Kohler, 
in a=" Transactions, Am. Geophysical Union, Vol. 25, 1944, p. 1030. 


— 
— 
— 
— 

— 

— 

= 


Stage relation diagram ms give the average relation between gages. The 
variation in the rate of storage in the overbank areas and in the channel itself, 
as the water surface rises or falls, is not taken into account. _ For that reason ae 
stage relation diagrams a are more accurate in reaches the capacity for 


is closely confined by storage is a minor factor. relation 


‘diagrams give very good results ii in reach, Ther reach between ‘Helena, 
* Ark., and Red River Landing contains several large areas which are subject =i 
to ovestion: by backwater from the river. Storage is an important factor S4 oc, 
this reach, and the use of stage relation diagrams does not give reliable results. ‘3 * 
A peliontion of Techniques to the Mi issiesippt River. — 
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Vicksburg 


Use Sum of Alexandria 
and Monroe Flows 
9 Days Before Crest — 
at Red River Landing | 


32 36 40 44 48 52 56 “1S 20 38. 40 
Red River Landing Stage, in Feet Main River Stage, ‘in Feet 
Fig. 3.—Cuart ror DeTreRMINING 4.—Typica, CHART For DETERMINING 

Rmations, MisstssipP1 RiveER— VICKSBURG woe 4 Errect or Fiucruations 
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able to predict flood heights at Paris, France, within 40 em by using this | 
Other forecasters have frequently used tabulations that listed 


River Sta 


in station n method nor the unit crest method i is applicable. _ 4: 
eh ‘The method used by ‘the Stage Prediction Section of the Mississippi iver ee . 
‘Commission for ‘forecasting flood stages on the lower Mississippi River is a = 
_ modification of the graphical method of flood r routing developed | by Louis G. = 
7 AL M. ASCE. During flood "periods daily discharge observations 
are made at the petaninal gaging stations. The results of these observations 
are used to develop stage- discharge relation curves that are applicable to the _ 
individual flood. only. For. forecasting purposes these | stage-discharge 
= extended as far beyond the limits of the observed data as necessary, the ae 
being shaped by comparison with data from previous floods. 


“Flood Regulation of the Tennessee River,” by Louis G. Puls, House Document No. 185, 70th th Con 


» et B, Part II, 8. Pr D. 19 
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PREDICTIONS 
‘Tedd curves are e then ust determine the. daily at the 
ar upper and lower ends of each reach. Similar curves are used to deter 
tt the daily contributions from the tributaries. vf Runoff from rainfall occuring © 
+ over the ungaged areas below the tributary gaging stations is computed i 
the use of unit graphs. The observed inflows (main river and tributaries) 
routed, ‘using ‘the observed reach ‘outflows, to develop stage- storage curves 
ea for the various reaches. These storage curves are then extended beyond the 
< limit 0 of the available data by comparison with similar cst curves” for 
During the progress ofa flood, five-day forecasts’ of the discharges tobe 
expected at Thebes, Ill., on the upper “Mississippi River, at Golconda, Ill, 


on the Ohio River, and at Smithland, Ky., ., on the Cumberland River, are made a 


3 by the Corps of Engineers offices responsible. In addition to these forecasts * e 
_ there i is also available a five-day forecast of anticipated 1 releases from Kentucky | 


Dam on the Tennessee River furnished by the Tennessee ‘Valley Authority 4 
_ (TVA) . The predicted flows at Thebes, Golconda, Smithland, and Kentucky 


a Dam are then combined with the estimated runoff from the ungaged wt 


these Stations and Cairo to obtain the total daily ‘inflows to the 
T hebes-Golconda-Cairo Reach. The “predicted daily flows are then routed 
g _ through the reach using the method previously mentioned to obtain ‘the 
A predicted daily stages and discharges at Cairo. These predicted discharges 
a rt are then combined with the estimated tributary and local inflows between — 
- _ Cairo and Memphis and routed in a similar manner to obtain the predicted 
daily stages: and discharges | at Memphis. — 2 The same routine is followed in 
= making forecasts for Helena, Arkansas City, Vicksburg, Natchez — (Miss.), 4 
| a portion of a typical flood routing t table for the Thebes- -Golconda- Cairo ay 
- Reach is shown in Table 1 . The , flood routing table is developed i in the follow- — 4 
ing manner: Values of reach outflow (Q) and reach storage (S) for stage 


of ft are obtained from the -stage-discharge and 


to obtain the value shown in Col. 4, , Table 1, and by adding one half the value of a 7 
‘ Q to the corresponding value of S to obtain the value shown in Col. 5, table 1. Be , 
A Intermediate values of both base and indication are determined by interpola- 
tion betw een the values computed at the 1-ft intervals. § 
The routing: table thus developed is used in Table 2. For 
7 stage at Cairo of 50.0 ft at the beginning of the first time period, the base value 4 
Of 2,308, 000 cu ft per sec per day is obtained from the routing table — 3 
es bg “The : average inflow of 1,332,000 cu ft per sec per day during the first time 
a _ period added to the base value, results in a total of 3,625,000 cu ft per sec per day. % 
in _ The value in the indication column of the routing table that most nearly | we 
agrees” with this total is 3, 633,000 cu ft per sec per day, corresponding to . 
stage of 50.4 ft. . This i is the stage at the end of the first time period and a 


the beginning of the second time period. The process is — for subsequent 
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It is axiomatic that the ability to an hydrograph 
the principle | criterion for evaluating any method for flood routing. Com- 


; _ parisons of the observed hydrographs of the 1944 and 1945 floods at Cairo aks * 
, Arkansas City with the hydrographs computed | by the method described a 


_ As previously mentioned the reach below Red River Landing i: is not seriously 
affected by storage or inflow from tributaries. Consequently single-line stage _ 
on relation diagrams are used to predict stages in this reach with very close agree- 

_ ment between forecasted and observed stages being obtained. — a considering — 

the use of stage-discharge diagrams for forecasting in the lower. reaches of 


quite » if a diagram : representative of average conditions i is used. Asa 
a means of reducing errors to a minimum, observed stages are plotted ion 
during the progress of the flood and the resulting relationship extended in 

accordance with similar curves for previous floods. _ By using this procedure, 
the forecasts are based on the relationship existing for the individual flood i in- 
stead of on the mean relationship determined from previous floods. Baht 


TABLE 1.—Rovtine TaBLe FOR THE TABLE 2.— SAMPLE Routine 


tea: THEBES-GOLCONDA TO Cairo FOR THE THEBES- GOLCONDA = 


or Cusic Freer Pp: DP fas 
SeconD PER Da | ‘Base 


MEAL Period | cubic feet 

Outflow, Storage, Base — 


119 


4 


tin wine OD DUD bo 


g the flood period all — 
_ pertinent data ar are carefully ana- 


ly zed as soon as received. Stage- 


38 


latest discharge observations indicate that 1 the curves being used have been oe 
¥ tended erroneously. If observed stages show a serious variation from the fore- 
cast stages, the reach storage curves and routing tables are revised to reflect 
a more nearly the conditions existing during the flood. tat Bt, 


By using the method outlined, sufficiently accurate seven- day 
¥ _ for flood stages at Cairo can be made. _ Stages in the lower reaches of the river 


Rees been forecast wie reasonable limits for periods of three weeks. 2 


q 
-_ 
s) 
a 
— 
- — 
3 
— 
— 
| — 
ia 
in 
— =— 
2456 | 3743 | 138582 | 3915 | 
> 
le 
» 
— 
= 


River Basin, the various districts and divisions of the » Corps 
‘Engineers, all of furnish data essential to the ‘success of the fore- 
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iy Fre. 5. —Acruat anp Compuren | c oF Misstsstprt River at Carro AND. > Cr 


casting procedure. The accuracy ‘obtained by ‘the procedure used is not 


a _ perfect, but the results are consistently better than those obtained by using | : 
any of the other methods ‘described or by using any of the many other fore- ae 
—_ procedures that have been investigated throughout the y years. Need- — 
less to say continuing investigation and testing of techniques is going on to a 
give greater accuracy and reduce the time and effort aes to make su suffi- i 


CoNcLUSIONS 


Extensive study of the problem of flodd-stage forecasting lower 


Reliable forecasts for the lower River ‘cannot be made 


tions, tributary. or diversion flows, precipitation will not give 
‘Procedures dependent on the use a volumetric principles” will give 
better results than those which are based entirely on stage heights; and 
Stages o on the lower Mississippi River can be forecast: 


“i tay accuracy to warrant the use of these forecasts as the basis for planning and 


ration is maintained with 
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BUEHLER, M. ASCE” AND —In the paragraph 
eceding “Conclusions,” Mr. ‘King s states: “Throughout the critical season 7 
very close cooperation is maintained with the 
re Routing methods similar to those of the Stage Prediction Section of the 


Brandi of the TVA as an aid to project operation. 4 Such methods are also” o- 
“used (as rapidly as 8 preliminary basic and outflows on be received) 


8 sure of the effectiveness of the TVA system. A After the flood is over, when — e 
provisional: basic inflows and ‘outflows available, ‘more ‘refined -esti- 


mates are prepared, The preliminary ‘flows are ‘usually instantaneous 


morning 1 rates received daily by teletype as the flood is. in progress. — The 
Prov ional flows at most locations are ‘the midnight-to- midnight average 


daily discharges. which | are scheduled for publication later in the appropriate — 


pamphlets of the United States Geological Survey (USGS) or 
Mississippi River Commission. Slight variations in procedure for the 


- difference i in time of observation for the two classes of data. 
at addition to studies that show the effect, at Cairo, of ‘setoal, rvA 
Teservoir operation, the Flood Control Branch uses routing procedures 


compute the effect of theoretical reservoir regulation. . Ideal operation is is one re 


an As doeg t the Mis 
and Cairo rating curves s for each flood from the actual data collected or forecast 
Ne _ the flood progresses. During a flood TVA also extends these curves | somewha 
a beyond the data when they are serving to help guide reservoir - operation ; a 
They are also extended after the flood peak has passed to reach the higher rey 
stages and flows that would have resulted without the TVA system. The 
: departure ¢ of average rating curves and routing curves from somewhat scattered _ 
data usually results in little indicated error in computed Cairo stage. "Alternate 
trial positions of curves with respect. to data to test this effect have 
a. in Cairo stage differences of only a few tenths ofafoot. 


: 


sults are caused by using different inflow cress to Cairo 
floods are flows from the Mississippi ‘and Ohio Rivers. Discharges are 2 ob- 


‘Sed on the Mississippi River at Thebes, a short distance above Cairo, +5 


Civ. V, Hydr., TVA, Knoxville, Tenn. 
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‘Rivers and from thy River proper above these 
en stations on these streams, respectively, are Kentucky Dem, Dover | 
Smithland), and Golconda. In addition there are ‘unmeasured local con. 

_ Applications of the TVA routing procedure to ‘Cairo embodies changing pos 

the contribution from the Tennessee River only. | This may involve the use need 

of natural Tennessee River flows instead of actual regulated flows to determin ae 
£ effect of regulation, or it may involve hypothetical regulated flows. In — 3 

any event, TVA ‘routing is in effect the passage | of altered 


| 


and Touting curves Prepared with Dover, 


ae = River flows, these modified flows are being routed throt 
lying along streams in which Tennessee waters actually do not travel. BSpeci- 
fically, these modified flows are being routed through combined storage which 
a = incorrectly includes portions along the Mississippi River from Thebes to Cairo, a 
along the Cumberland River below Dover, and along the Ohio River from — a 
Golconda to the mouth of the Tennessee River. The incorrect inclusions 
a the computed effect at Cairo of altering Tennessee River flows. | ei an 
ae Changing the inflow stations ‘to! Metropolis on the Ohio > River and to Thebes y 
on the Mississippi River is nota org remedy, but has been found to j give 7 


¥ 


vy 


= 


below ‘Thebes. ‘These two inaccuracies cause opposite effects. omission 
of Tennessee and Ohio River valley storage exaggerates the computed effect — 
at Cairo of altering Tennessee flows. The inclusion of Mississippi River 


& 3 ‘unusually ea Ohio or Tennessee flows u used to prepare e the combined storage 
may cause the exaggerating influence todominate. 
My It may be argued that a more correct appraisal could be made by inaiien’s i 
; altered Tennessee River flows from Kentucky Dam to the mouth, combining bss 
thet with Ohio River flows routed to the same point, and then routing these iy 
ee combined flows to Cairo. : Here the Ohio flows would be combined with the - a 
flows routed the e Mississippi River from ‘Thebes. Although this 
¥ 


is 


ior tributaries on the Ohio River at Metropolis, Ill. Metropolis 
__and below major tributarie \ 
q 
7 
| 
a 
= 
|} flows by the extent of the change at Ke 
ly includes the valley storage below Metropolis, incorrectly exclud 
Tennessee and Ohio Rivers between Kentucky Dam and 
storage along the Tennes 
— 
= 
— 
rh e Mississippi River at Thebes is unusually 
curves. If the Mississippi River 
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oo KING ON STAGE PREDICTIO 


would involve so much and 


“To determine which of the two stated inflow would give 

the more nearly correct computed | Cairo stage, approximate corrections for 

_ storage errors, excepting on the Mississippi below Thebes, have been peryened 

- this Mississippi River ‘correction. Al comparisons have been computed u using 

identical inflows and outflows for any given selection of inflow stations, and — 

2 pi using a variation of the routing procedure described by Mr. King for the river 

reach immediately above Cairo. This variation of method first was checked 

to be sure it had no influence on results. quols 
For the Golconda-Dover-Kentucky Dam-Thebes selection of inflow stations 
te the routed Cairo crest stage, if there had been no Tennessee River regulation, - - 
was 56.7 ft. When adjustments were applied to correct for having routed — a : 


Be altered Tennessee River flows through natural storage on the Cumberland and ha: ee > 


d Ohio Rivers this Cairo crest was increased to 57. 5. 
the Metropolis-Thebes selection of inflow stations the routed 
E: crest stage, if there had been no Tennessee River regulation, was 57.4 ft. 
_ Corrections for having ignored natural Tennessee River storage below Ken- fide 


-——tucky Dam, and some Ohio River natural storage, reduced this Cairo crest oe 


‘These results show that the selection inflow stations in the January, 
1950, flood had a substantial effect on the estimated Cairo crest stage when 
‘ no regulation was assumed in the Tennessee River. In this 1950 flood, errors 
are evidently present when using Golconda-Dover-Kentucky | Dam- -Thebes 
hy. inflows are greater in their effect on Cairo than are the errors present when a 
= Metropolis-Thebes inflows are used. It does not necessarily follow that this e 
b be true in all floods. Uncorrected e error for storage along the ‘Mississippi 
River ‘from Thebes to Cairo is present in both comparisons. Bi 
asst Because the system using inflows at Golconda-Dover-Kentucky Dam-The- 4 
ie. bes appears to have a chance of error always i in one direction, it seems pref- 4h E 
erable to use the other selection, Metropolis-Thebes, in which: 
influences are opposite, and have at least some chance of canceling each other. | 
It should be mentioned that corrections for or storage errors are quite involved a 
_ would not be prepared except on an experimental basis or in case of un-— 


E. Kine", _—The Ww writer is. fully in with ‘the ars ‘argument 


vanced by Messrs. Buehler and Hoehl that a more correct appraisal of the _ 


fe effects of modifying awe from the Tennessee River could be made if the flow er 


required make this: method of computation impractical. +e BS a 

om Since routing of the separate flows is not feasible, the selection of inflow aoe 
a stations on several streams which contribute to the total flow at Cairo, _ < 
becomes of primary The choice of inflow used 
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ON STAGE PR EDICTIONS 
during the progress of a flood, for the purpose of predicting future stages a 
stations downstream, is limited by the availability of such stations and by ie 
degree of accuracy with which flows at the different stations can be predicted. - i 
ees For predicting flood stages at Cairo, the choice, of inflow stations must of — a 
be either the Golconda-Smithland- Kentucky Dam-Thebes es combine- 
tion, as used by the Mississippi River Commission office, or the Metropolis- 
Theb ‘Thebes combination as suggested by Messrs. Buehler and d Hoehl. From a 
; “a cursory inspection the Metropolis-Thebes selection would appear to be the 4 
eS of the two because of the more simplified routing procedure required. a. 
If if this selection of ‘stations is used for predicting flood stages, the error of exclud- a 4 
ing ng natural storage . along the Tennessee and Ohio. Rivers, between Kentucky + 
ss Dam and Metropolis, is not made since the total Ohio River contribution is 
estimated for the ‘Metropolis station. ever, experience with past floods, 
liege which both groups of inflow stations have been | used, has indicated that = 
2 "a the predictions of flood flows at Golconda are less subject to error than are i 
similar predictions for Metropolis. Because the minor amount of additional 
‘ computations required i is more than compensated for by the increased accurac 
i of the Cairo forecasts, the Stage Prediction Section of the Mississippi River 
Commission ‘prefers to use the Golconda-Smithland-Kentucky Dam-Thebes 


i “a combination of inflow stations for making predictions during the occurrence Ss 


rae _ Although determination of the effect on 1 Cairo stages of ' modifying flows fro 
Tennessee River was not 
aa 2 Messrs. Buehler and Hoehl for discussing this application of the basic method. 
Any value Ww vhich the original paper might possess will be considerably enhanced ‘2 
“Metropolis flows to the extent of the change at at Kentucky "Dam has the —_— 4 


6. Valley storage along the Ohio and its tributaries from the a vn the 
; Tennessee River upstream to the limit of the backwater effect ; produced by the the 
s from the Tennessee River is incorrectly excluded; and 
_ ¢. Variations in Ohio River flows above the mouth of the Tennessee River, 
| by modification of Kentucky Dam, are ni not included. 
The disastrous flood on the Missouri river in 1951 a ‘crest | of 
A 40. 6 ft at Cairo on July 28. The stage tendencies at stations on the lower 
n ae Ohio River from July 2 to the date of the Cairo crest, except for minor fluctua- 
Flow from the upper Mississippi River (which includes the flood flow thom 
Bikes the Missouri River) caused valley storage to accumulate along the Ohio River _ 
_ from Cairo to a point upstream from Golconda. Although the flow from : 
pein the upper Mississippi River does not pass through this reach, the successful — 
‘ routing « of this flaod requires the inclusion of valley storage along the Ohio s 


River below the selected inflow. station. which could be or 


and Metropolis i is incorrectly ¢ excluded; 


y 
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OCIETY. GIVIL “EN: JHEERE 


_ storage along the Ohio River was caused by the floods from the upper Mississippi eos 


same period. average daily flow from om Kentucky Dam, which was 52,000 


TABLE 3.—Srace TENDENCIES OBSERVED IN THE LowER OnIO RIVER 


Dam 53, near Mound City, IIL 19. Rising 
Dam 52, near Metropolis, Ill ni +4 ‘Rising 
Paducah, Ky., near the mouth of the Tennessee River... . 


a Mile the the Ohio Riv er ‘the M Mississippi River. 


Stage } 


¢ cu ft per sec on July 2, 1951, increased to 73,000 cu ft per sec on July 4, de- 


creased at a fairly uniform rate to_ 20, 000 cu ft per sec on July 21, and ol 
gradually increased to 45,000 cu ft per sec on ‘July 28. - Because volley storage - 
_ along the Ohio River below. Golconda was increasing from July 4 to July a. 

_ (the period in which outflow from Kentucky Dam was decreasing) flow from 

4 the Tennessee River is eliminated as a possible contributing factor, —_ am 
Since flows from the upper Mississippi River affect valley storage along 

_ the Ohio River, it follows that flows from the Ohio River will produce a a similar — 

. effect on the upper r Mississippi River above Cairo and that flows from the 

q _ Tennessee River can affect valley storage on the Ohio River above the mouth 

a of the Tennessee River. For this reason the writer is unable to agree with the 7 at 

contention of Messrs. Buehler and Hoehl that the selection of Metropolis as . 


q 


- _ the inflow station on the Ohio River incorrectly includes valley storage on the 
_ Mississippi River below Thebes, or that the selection of Golconda results in 
_ the incorrect inclusions of the Mississippi River below Thebes, the Cumberland — - 


River below Smithland (or Dover), and the Ohio River from Golconda to the at 


“ad 


‘the January, 1950, ‘flood were made by the writer using 
‘Metropolis and Golconda as inflow stations. The use of the Metropolis- 
_ Thebes selection resulted in a routed crest stage at Cairo of 57.4 ft, pe an 


that there had been no Tennessee River regulation. For the Goleonda- 
Smithland- Kentucky Dam-Thebes selection the routed Cairo crest stage, if 


there had been no Tennessee River regulation, was 57.1 ft. 
Because the routing that. used the Metropolis-Thebes selection of inflow 


at Cairo is higher than n the stage ‘that would have been routed if the Proper 


5 River is given by an inspection of the releases from Kentucky Dam during the — 7 Res 7 


Metropolis. Further confirmation of the fact that the accumulation of valley 
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ver from Metropolis to the upstream limit of the backwater influence of the 
om a __ Tennessee River, or for the decrease in Ohio River flow which would resultfrom - " 


oN STAGE PREDICTION 


oniaics Dam-Thebes selection of stations, is subject to error because a> 

men for the effect of increased flow from the Tennessee River, er, were com 
> in the flows at Golconda and because the valley storage on the Ohio River, a 

from the mouth of thi the Tennessee River to Golconda, would be slightly increased 
a the backwater r effect of the increased flow from the Tennessee River. 


Correction of the routing method to allow for these factors would probably | ' 1 


result in a slightly different routed crest stage at Cairo. The word “probably” 


is ‘used because any reduction in flow at Goleonda would tend to reduce the 
_ valley storage in the reach, and any raise in stages caused by flow from the | 


Tennessee River would tend to increase the valley storage in the reach. Since 4 


these two corrections have oj pposite effects, it is doubtful whether theirincorpor- ‘a 
ation in the routing procedure would result in any appreciable difference in| 
= Based on the foregoing analysis of the Various factors that affect the com- a 
 bining and routing of flood flows from the various streams involv ed, in order to * ; 
‘3 " determine stages at Cairo, it is believed that the use of the Goleonda-Smithland- 4 
ay. Kentucky Dam-Thebes combination of inflow stations is preferable to the 
Metropolis-Thebes selection, for either predicting stages during a flood or 
_ determining the effect of modifying flows from the Tennessee River. This 
_ belief is further strengthened by t the results of model tests conducted by the ; 
aterways Experiment “Station ‘at Vicksburg. These tests (which were 
_ made in 1947 for the purpose of determining the effects on Cairo crest stages 
of modifying Tennessee River flows for the 1945, 1946, and 1947 floods) gave 
results which were in substantial agreement with the results obtained from 
- routings that used the Golconda-Smithland- Kentucky Dam-Thebes combina- _ 
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ton ind AIRCRAFT DESIGN" AS” RELATED 


‘eon att By MILTON W. ARNOLD‘ 


Ww 1TH Discussion py Mr. H. Geisse 


— 
_ The point in aviation bt been reached ai’ w hich a much closer correlation 


were to satisfy the needs of the as built. 
goal ¢ of all-weather operating conditions is approached, electronic equipment 

that will overcome the deficiencies in both airplane and airport design isan i 
urgent need. | _ Unless a most intimate relationship between the design and © 


i 


construction of our airports, air lanes, and electronic equipments: can be 
p 
"established, 
om 4 ae _ Somew here along the line there i is an area of diminishing returns, in w hich 
the cost of reducing cancellations and interruptions to scheduled 


ee makes the undertaking. no longer ‘profitable. — The answer is to be found in 
* the design of aircraft and airports and in the selection and installation of 
airborne a nd ground equipments to accomplish all-weather flight. Failure i rat 


id any one of + bee fields of dev elopment can easily dictate failure of the all-wea- i 


Unless aircraft are designed to fit airports ‘and to overcome certain flight 


mi. “aad weather phenomena, and unless airport and equipment costs are kept 
down and maximum use made of all equipm nent that can be economically — 
Be supplied, the over-all cost of ‘providing all-weather operation is greater than aa 


the value of the benefits to be derived from such operation. OUD, 


Norg.—Published in October, 1951, as for No, 93. and titles given 


cited 


tees in effect when paper or discussion was received for pul lication. ya ee a 
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AIRPORT 
se Very definite progress has been made since 1946 in reducing cancellations 4 
and delays and improving flight regularity. In 1946, the scheduled airlines 
- gustained a loss of revenue due to delays and cancellations of more than — 
i $40,000,000. In 1947, this loss was even greater due to the disastrous winter 
— of 1946-1947 that so disrupted public confidence in the airplane as a medium of | 
- travel that load factors dropped to an all-time low. z A conservative estimate 
a) places the 1947 loss at an excess of $50,000,000. . In 1948, a number of new _ 
electronic aids and certain operational improvements reduced the loss 


$32, 000, 000. In 1949, in spite of substantially increased and sched- 


reduction in limits: eliminated 56. 56.5% of the previously 


It must be readily apparent that pengrass since 1946 has paid a very a 


» 


‘any really significant change in the ¢ concept of aireraft or 


through at least three stages: (1) ‘Teduction 200 ft of ceiling and }- -mile 
a y to 100 ft and } mile; (2) a further reduction to 50 ft and 4 mile; a and 
(3) finally from there to an alicho: operation. There could be an inter- - 
? mediate stage involving a reduction from 50 ft of ceiling and }-mile visibility, 3 
to a zero ceiling and y-mile visibility. 
As these progressive reductions are made, less un- 
a flyable weather, yet costs more. It will also be found that if this cost is to 4 


be kept to: minimum, “some change will be required i in aircraft a nd airport 


— 


way of illustration, as previously stated, the first redustion from 400 
- major terminals in the so-called weather areas of the United States _visibilities M 
of $ mile or Jess have been recorded as occurring only about 0.5% of the time. — a 
Although no figures are available for visibilities of ve of a mile or less, such | 
ve. extreme conditions are relatively rare—probably occurring no more than 0. 1% 
a of the time. x Obviously, | the number of cancellations and interruptions os 
Y service occurring as a result of visibility conditions below ¢ of a mile will | 
a small by comparison t to tl those that would oceur in the range bet between $ and nd} 
_ The question, then, can and undoubtedly will be raised—is the attainment 
7 of the all- weather goal a profitable one? — The answer is probably an affirmative — 


a 
diture over 
f revenue estimated at $30,000 vigational aids necessary { 
Was 346-2980 for improved terminal 000. The most important 
€ perio hing less than d on the groun 
t is something ds installed o 
bout this reduction s is that the aids inst: 
for thin reduction in 1 ed lowering of landing and operating minima fi 
reason f irplanes have permitted lowe 
_and in airplanes have permitted lowe 
= 
a 
— 
design and in the fie 3 
b 4 


It is to ‘define the « equipment ‘necessary to 
flight and to show the method of accomplishing this goal. As much as $50,000 f.. ay 
can be spent p per aircraft and $2,000,000 per runway for equipment to meet 
the anticipated standards for scheduled airline operations to be established 
by the airlines and the Civil Aeronautics Administration (CAA). Such an Atk 
expenditure is certainly prohibitive and will undoubtedly prove unnecessary. ie ai 
e: This point can be developed, however, as al an illustration of one path, and an 
unproductive one, that can be followed, but which, if followed, would dictate 


the necessity for a change in concept in aircraft and airport design and planning. 


Steeri 


Lowest Minima if Visual Aids Syvtapatont Does Not 
_ Produce Results Under These Conditions 


Automatic 


Advanced Instrumentation is 


>» 


Desirable Under These Conditions 


Low Frequency Range Receiver and/or Automatic Direction Finder {| 


Ceiling 400 ft 300 ft 200 ft 100 ft soft Of Oft 


Visibility 1Mile %4Mile /2Mile Mile /gMile Mile Miles 


Lacy dis 
, all. weather operations. is Figs. 1 and 2 show the distribution of costs for equip- 
ment. - The costs given do not include maintenance, which will be considerable, — 
“nor do they include the cost of carrying the heavy equipment that would be rs 


required for all- -weather operation. ‘This latter may become a considerable 
ransport 100 Ib 


ative? 


ol 


equipment in one airline aricraft for 1 year 


To equip | an entire airline fleet of approximately 1,000 aircraft for 100% 
all- weather operation | would cost approximately $35,000,000. Since most — 
_ aircraft equipment is amortized on a 5-year basis, this means that this cost 

r would 1 recur every 5 years or, on a prorated basis, is equal: to: a& recurring yearly — 


ye _ expense of $7,000,000 for airborr ne equipment alone. 
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as the automatic approach, the automatic flare-out, the automatic 
alinement, the automatic ‘Steering control on the Tunway will be a 


amounting to about $15,000 per aircraft and fleet costs for 1 1000 air- 


planes would be reduced from 


¢ 


Control 


Automatic’ Flare-out 


Equipment 
nent 


_(Inicluding Cost of Electronic Auto Pilot) 


} 


‘$20, 000 ,000—repeatable each 5 years. This computation certainly dictates a 
careful analysis and evaluation of the ounak costs for all-w eather operation. 


_ Such an analysis can be made only by starting at the airport. —__ + 


Grou quipment.—The airport problem must be considered in two 

Ground E nt.—The airport problem must be idered in t 
(1) The equipment requirements to properly implement a runway for 
iced operations and the cost of such implementation; and (2) a con- 
sideration of the airport layout and design. The two are related and when | 

eombined are certainly related to airplane design. POW 

_ Equipping a single runway for all-weather operation will cost a minimum > 


of $350,000 (1950) and may run as high as $1,150,000 if it is found that some a 


hy Dispersa 1 Unit, ‘such as FIDO is ‘required for operation below rs of a 


and to zero. Such entails a cost for airborne equipment 


par to be unreasonable, 
ile. A combination of visual g 
for operation down to of a mile. | 
— 
— 
me 
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i such factors as the eae i other airports, terrain obstructions, thee 
i flight patterns, 1s, and the like make it _ operationally improbable that more than an 
2 runways would be used during instrument operations. a0 
Lense AIRPORT ‘REQUIREMENTS, od T avin bar 
Airports become extremely expensive facilities. As progress has 
Mt been made in the field of aircraft design, increased weight and speed of aircraft ‘tas ’ 
imposed stringent airport requirements that show up to a marked degree 
_ in the cost and size of the terminals. As the weight, speed, and wing- -loadings s 
of the aircraft have increased, larger terminals and longer runways have been cov 


Ceiling 300 ft 200 ft 100 ft F 

the farther from the | centers of of ‘the municipalities that that the airport hig 


intended to serve. Ba li fav asi, iy 
Here again is found an area of diminishing returns. Land areas of such te 


_ when the ground time to reach an airplane from the downtown area erthe 
(or exceeds the time required to conduct the flight. Obviously, pr longer 1 the 
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“distance the downtown area, and such a requirement dictates a change | in 4 
the design of our aircraft. As long as our concept of airports embodies a 
- multi-runway pattern, the realization of this requirement becomes more and 


Our commercial airports today are ‘monstrosities from the standpoint | $4 


- Such a runway costs approximately $10.50 per sq yd or $1,500,000. A cin 


4 


en aircraft, such as the DC-6 and the Constellation, waynes a& runway > 
costing on the order of $7.50 per sq yd or $750,000 (1950). zie bas tayo alt at. 

nol hen these basic runway costs are multiplied by the number of runways — a 
- normally comprising the airport and when this sum is added to the cost of © ‘ 


implementing parallel runways for 100% all-weather 


¥, 


— 


of these « expensive facilities. 
Aireraft design, airport design and all- 
tion must be considered asa basically single problem. . Attention should be 
directed to careful cost analysis a and | comparison of this analysis with antic. “a 
i return from capital investments, like airports and facilities for ie 2a 
+ _Strument operation, 
2 are built with -clear-weather approaches from at 


ity of other airports are operational limiting factors. Second, the economic 
J ie of equipping even 1 runway for all-weather operation is such that only 
the larger cities ¢ can afford a runway fully equipped with instrument landing — 
system, precision approach radar, high intensity approach and runway lights, Fr ; 
surface detection radar, and similar necessary equipments Siercentare rae 
‘The economic and operational limi limitations that restrict” an airport to a 
parallel or r 2-rum -runway operation are not likely to be overcome. It seems 
= fitting, therefore, to direct attention primarily toward making these 2 runways 
do the job under both instrument and clear-weather conditions that the 6 “4 
runw ays do in clear weather. If this can be accomplished, then a tremendous 
: step has been taken tow ard t ‘the e reduction of ground or plant costs. = 
dual objective of Flowered costs and further inroads into the 
_ short-haul travel market can be realized only if there are changes in aircraft 
_ design. Some progress has been made in this direction. The tricycle landing _ 
gear has increased the allowable cross-wind component, _ Teversible-piteh: q 


shave increased allowable down-wind and there 


su 


the the airports have designed to meet aircraft requirements. 
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untapped market of commerical aviation, however, lies in the short-haul field _ 
— 
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"AIRPORT STANDARDS 


Here, basically, is what i is in (a) Cross-wind or 
ee landing structures must be installed on the airplane; (6) slower — 
landing speeds must b be 2 achieved, along with shorter take-off runs, and improved ae 
braking characteristics; and (c) aircraft designed primarily for short- “haul 
operation must be designed of operation into smaller airports 


a the conditions of aircraft design are met, then the case for the parallel . 


Tunway airport becomes n more clear. Such an airport is illustrated in Fig. 4. 


ow principle, and its outstanding features — 


Ree There are no crossing intersections; tua eaob 


ee High speed turnoffs are provided 1 to clear the runways; 
os 3. All aircraft move in the same direction on ‘the taxiways; 
4. There are equal facilities for both directions of approach; pepe anit 
Landing directions may be reversed without, disrupting operations; 
All taxi areas and runways are visible to the tower or ground surveil- 


A minimum of taxi distance is req aire 


anding System 


nite ut Ly Loading Gates ‘sd 


igh Intensity TAKEOFF 


Tt the parallel runway airport can be accepted and used, then aviation can 


afford all- weather operation. The operational advantages | this: type 


a. Regularity of schedules is oceasionally dependent upon factors other 
than weather. Snow removal, for instance, can cause hours of delay. | The ay 
ability to concentrate on the removal of snow from a single or dual runway cr, 
could, in many cases, cut delays from this cause. 


b. In congested areas, the naarguediag airports that can be used nei 


runways ~~ traffic patterns in such an area, 
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should be ; possible to > achieve much clover t spacing ig of airports with no decrease 
ae dove Simplified traffic patterns resulting from single-axis approaches should a 
ae _ go a long way toward unsnarling the traffic problem. Airport surveillance 4 mahi 
- radar could be much more effective under these conditions than with the 
random picture seen on radar screens today (1950). a 
_ d. Airport surface traffic control, which is becoming 1 more and more of a 4 
problem as minima are lowered, would be greatly simplified by a much more a 
efficient: and simpler taxiway pattern. 4 The airport layout would enable the 4 
tower to be placed so that better visibility. of the operational aré area could be a 
. Access to the airport a and the! location of the airport adjacent t to principal 4 


a 
oO 
= 
= 
17 
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“does not appear practical until the extremely difficult problem of the drift 
angle at the touchdown point is overcome. The only technically “feasible 
= to this problem appears to lie in the use of the caster or cross-wind | 


landing gear, and for this reason this factor has been placed foremost in the 
aircraft design problem. is feasible only if this 


tall First it is recommended that aircraft ‘design be directed toward operation an 
_ into parallel runway airports and, in this connection, that the development [| 
be i intensified in the field of cross-wind landing slower speeds, 

shorter take-off ru runs, and a short-haul aircraft. 

Second, it is recommended that the attention of airport 
planners be directed toward a simplification of the airport layout ar and a cor cor- > 
relation of this activity with the field of aircraft design. 
_ Finally it is urged that the attention of all be directed toward a closer-knit — Fe 

_ Telationship between aircraft design, airport design, and the development | al . | 


Z ie electronic and visual aids for the common goal of all-weather operation. — 

If these three conditions are met, then all-weather operation 
= very feasible goal and will prove to be a profitable undertaking . If they are 
on not met, , then that goal becomes a most expensive one, , and in all probability 
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Joun H. —By his endorsement of the cross-wind undercatriege. 
i airplanes (under the heading, ‘Aircraft Design”) the author has earned 
i thanks of all those who pay for and use airports. © Byh his persistence in the 
— face of known opposition he is emulating his famous namesake, General “Hap” Pa 
Arnold. It was the latter who, with equal foresightedness and “ea i 
endorsed the the tricycle undercarriage in 1934 against similar opposition. “4 
‘ There are interesting similarities between the two deve elopments which a 
_ probably not well known. Both the cross-wind gear and the tricycle gear 
antidated the so-called conventional gear with t two fixed wheels forward 
the center of grav ity. The tricycle gear was in 1 general use some » time prior 
ay orld War I and Louis Bleriot had a castered cross-wind undercarriage — 
> om his airplane which m made the first crossing of the English Channel in 1909. — 
a tricycle gear was ‘reintroduced in 1933 by the Bureau of Air - Commerce - 
and the castered gear was reintroduced by its successor, the CAA, in 1945. | 
‘There is also one important dissimilarity. In 1934, the Bureau of Air 
= abandoned its promotion of the tricycle gear and stopped work on 
two contracts for airplanes with castered wheels. Although there was a 
determined opposition to the action, in 1949, the CAA abandoned—not the 
| gear but—the construction of any more ‘of the 


multiple-runway airports has forced their construction in outlying areas. He 
also stated that the great untapped market for commercial aviation lies in the 
~ short- haul field of 1,000 miles or less. He was being ultra-conservative in this mst 
statement. Even under present conditions the average air-line trip is only 
about 450 alien. The great untapped market is in still shorter hauls, and the ' 
ability of the airplane to 8 compete, with other means of transportation over 


= author states that the lend areas = 


Ill., to Cleveland, Ohio, is not much less than present trip 
average; yet between thas two cities a DC-3 operating between downtown po! 
_ airstrips could provide faster and cheaper transportation than supersonic 
airplanes operating between the existing airports. = 
| __ Perhaps even more pronounced has been the effect of this abandonment ish 4 : 
on private flying. In 1940 the CAA made two studies of private flying. One 
- that only 15% of those who started flying continued with it. The = 


other disclosed that the major reason for this poor showing was the inaccess- or 4 
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ability of airports. This was a of airport too far out and air 


ports completely nonexistent because of their | high cost. 
More tangible than the foregoing example i is the sum of money that was -. 2 
Spent needlessly on airports between 1935 and 1945. In this period approxi- a ay i 
mately $800, 000,000 was spent on the of civil | airports alone. 


- Some years ago the w riter studied the distribution of costs on all classes of 4 
airports and found that an average saving of 50% could be made by eliminating a 
_ wind coverage. _ Assuming this cost to be twice too high, the saving that could f 
_ have been made ($200, 000 000) would have been more than the present net 


- The author states pacha the heading, “Installation of Equipment: Airborne _ 


> 4 adding a cross-wind gear in the original can subtract weight. In 
_ transport equipment, the wheels are mounted on collapsible shock struts which _ 
can provide perfectly good caster spindles if the wheels are in caster relationship 
therewith. a The added weight would then be the weight of a caster restraint - 
and shimmy damping mechanism, less the weight of the jackknives now used 
j 


to prevent rotation in the strut. wl wet 

_ As against this slight increase in weight a substantial decrease in the weight _ 

of the entire landing gear would be made possible by the reduction in the side 
loads on the gear. With castered wheels this side load needs to be only that 
é required for r adequate taxi control—not more than one third the weight of the _ ay 
airplane. With fixed wheels the entire undercarriage, including the wheels, 
must be designed to take an inwardly directed side load equal to 0.8 times the 
 Sertiole load and an outwardly directed side load of 0.6 times the verticle. 
el. ‘The paper presents such an excellent argument for the advantages to be s 
gained by the use of omnidirectional airports that one sed wonder what are 


the disadvantages that have delayed their acceptance. _ As far as the writer i 


There are two. major reasons for the delay. is the of which 


should come first, the change i in the airports or the change in the airplanes: — 
hy build an airport: adapted primarily to a nonexistent, airplane? “Why 


pre 


ask one, is is that a any y added costs 3 of the conversion must be paid for by the a3 
_ airplane owners whereas the immediate ) savings go to the airport owners. — In 
view of this situation the fact that the | savings — far exceed the c costs has 
Opposition to initiating the change i in the stemmed from various 
‘roots. There were the owners of airplanes who thought that the taxpayer 4 7 
and others should continue their airport subsidization of their flying rather than =| 


_ ask them to spend some of their ‘money to make this unnecessary. , Then 
wig 


there w were those who, - politically or otherwise, had no desire to see the cost 
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In the face of this opposition the Civil Aeronautics Administrator in 1949 ay 
made his courageous decision to refuse any further federal funds for the 


=~ construction of runways whose only purpose was to provide | wind coverage. =. 
The effect of this decision will become evident only as new airports are con-— 
structed but it is to be hoped that the the author’s endorsement of the > cross-wind — 
undercarriage will hasten its consideration by the airplane manufacturers and 


= — airports will be constructed and in use long before airplanes — 
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By ARTHUR W. 1 JouN A. BLUME,’ M. “ASCE: } 
DEGENKOLB,? M. ASCE; Harotp B. HAMMILL,* M. “ASCE: 
EDWARD M. KNAPIK, M. . ASCE; HENRY L. MARCHAND;* vd 
Henry C. Powers;’? JOHN E. RINNE,* M. ASCE; 
GEORGE A. SEDGWICK,® A. M. “ASCE; AND 
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DIscussioN BY THE Seismic Group, ARCHITECTURAL or 
Messrs. Revsen W. BinpeER; R. R. Martet, G. W. Housner, 
J. L. Atrorp; 8. K. Guna Gurpas RaM; AND ARTHUR W. ANDER- 
“Joun A. BuuMe, HENRY DEGENKOLB, Harotp B. HaMMILL, 
 Epwarp M. Henry L. Marcuanp, Henry C. Powers, 


= this paper the writers have drafted a lateral force provision which con- _ 
_ stitutes a reasonable requirement for building codes. Although it was prepared 

_ specifically for California conditions, the code is generally applicable, possibly "i 


with some quantitative modifications to suit different local conditions. 


a nutininte design forces stipulated i in California codes vary from a maxi- 
‘mum of 13.3% of vertical loads for the Los Angeles, C Calif. , formula to a mini- 
ms of 2% of vertical loads for the state law known as the e Riley Act. Criteria 
__ by which these forces are established are generally empirical and om =F 


___Norse.—The authors of this paper constitute a Joint Committee of the San Francisco, Calif. ie 
- ASCE, and the Structural Engineers Association of Northern California, as appointed April 2, 1948. é 

Mr. Rinne served as Joint Committee chairman. Published in April, 1951, as Proceedings-Separate No. 66. 

- Positions and titles given are those in effect when the paper or discussion was received for publication. 


1 Corlett and Anderson, Archts. and Engrs., Oakland, Calif. ; 2 
+ Structural Engr., J. J. Gould, Cons. Engr., San Calif 


_ 7§$tructural Engr., H. J. Brunnier, Cons. Engr., San Francisco, Calif. 
af * Civ. and Structural —- Standard Oil Co. of —— San Franci 


“forces than has been attempted heretofore in lateral force codes. 
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EARTHQUAKE | 


Engineers Association of Northern California appointed a J oint Committee 


on Lateral Forces to evaluate the current understanding of wind and rage 7 
forces and to draft a model lateral force provision for the building codes in 


California. The writers constituted the personnel of that Joint Committee. " 


«dt is believed that, with some modification for local conditions, the resulting — 


(see Appendix I) will be applicable toa larger field. = 
As part of its study the Joint Committee has: aged 


1 . Reviewed the historical record of earthquake 


ies 2. Noted the limited accurate erie of ground elses in earth- 
3. Extended the response of simplified structures subjected 
ieok earthquake acceleration patterns into a practicable dynamic approach © 
to design forces on engineering structures; 


4. Indicated a number of problems require further study, acknowledg- 


of the of ‘the provision is necessary so that 

i is understood and agreed what is to be accomplished by the provision. Itis 
the province of the building code te specify design and construction require- om 


‘the loss of life in the event of sane winds or or earthquakes. ni ‘The lateral 
_ force provision is primarily structural. Panic and fire hazards, for example, are es 
covered in other sections of the building code. ! ‘The design requirements are 


eonsidered to be the minimum consistent with the general « objective. If 


_ favorable conditions of a particular site, such as the proximity of known faults, o 
exposure to high wind winds, or the importance o! of continued « operation of a 
facility in the event of unprecedented winds or earthquakes, suggest the advisa- eo 
_ bility of using design lateral forces in excess of those specified, this is left to the a 
‘jade of the ow ner on the advice of his engineer. | ‘The basis of such judg- 
ment is a matter of evaluating the calculated risk and is | beyond the scope of the ) 


3 ations. W ind forces relate to areas, whereas earthquake forces relate to masses. _ 


eae relationship between wind and earthquake for design purposes is well i 
recognized. wind and earthquake involve primarily lateral force consider- 
Ps Ronseee, the principle of determining the larger of the two forces and being tz, 
govema thereby is accepted | design practice, and is the basis for specifying _ ce 


: both wind and earthquake minimum design forces in a code section entitled 
ds Wind forces have been studied extensively by others (see Appendix = 


design criteria are well established and well in advance of corresponding criteria 


for earthquake forces. The principal problem of the Joint Committee wasthe 


determination of earthquake forces, and these, therefore, have been | developed _ 


<i in greater detail than have wind forces. anpancing _ been confined to | 


consistent or rational. “They do nol account for the dynamic 
that determine how structures respond to earthquake ground motion. 
_in scientific knowledge have not been reflected in current building cod 
‘ 
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written history. a lesser extent, observations of damage bons 


records are the diaries of the and the early which tell of 
- earthquakes in the 18th century. In Northern California alone, since 1800, 
_ there have been no ) less. than seventy | shocks of Intensity VIII or higher by the 
_ Rossi-Forel scale. Continued seismic activity, 1 recently on | a minor scale, nf 
7 portends future shocks which there is no reason to believe will be any more or - 
any less severe than those experienced i in the past. The earthquake: of 1906 
“eal along the San Andres fault in the vicinity y of San Francisco r may ‘be accepted as a 
reasonable maximum shock for design purposes in California. This earthquake 
is rated as one of the three strongest known to have occurred i in California ; ; but, ae 
_ unfortunately, the ground ‘motion data are very limited and of "questionable 
accuracy. The ground motion of ‘more shocks, although of lower 


to the design for forces. The brief seismic 
of the United States as portrayed (54)", in Fig. 1, indicates that an awareness of _ . 
= _ the hazards of earthquakes and the application of the basic principles o of seismic 3 . 
The year 1906 marks the beginning of a period of j iatiansiv’ study of earth- & 
quakes and research in earthquake-resistive design. Observations of the effects _ 
of the 1906 San Francisco earthquake have been well documented | by. several i 
a investigators. Records are also available of the following subsequent major 


% Iti is not necessary to ‘relate extensiv ely the recorded histor y of earthquake — 


damage. _ A brief review of the nature of the damage will be given; more de a 

% tailed information is available by reference to Appendix 

hel 


Generally, the confirm that buildings of sound design and good 

aps “construction fare well and that those of poor design and poor construction, from 
the standpoint of lateral forces, fare badly. The advantages es of flexibility 
r. coupled with strength were apparent to those reporting the 1906 shock and also — 
_ “4 wn. Numerals in parentheses, thus: (54), refer to corresponding items in the Bibliography (see — 


— 
methods of providing for 4 
| 
§ 
— | 
| 
— 


_ EARTHQUAKE AND WIND 


stes 
The 


| 


ae 


= 


Hind 


UP 


+ 


— 


ay 


= 


Destruct 


=) 
= 
aQ 
& 
& 
a 
=) 
a 
& 
Q 
a 
i=) 
a 

Qa 
a 
Zz 
> 


aed 


— 


— 
Subsequent shocks. Conversely, the hazards of ‘rigidity with 
 turally weak materials and poor combinations of have been 
‘recognized 
Wood Frame Structures.—Little damage to wood frame 
_ in 1906 except for broken glass, cracked plaster, fallen chimneys, and d distortions i 
- caused by movement of filled or unstable ground. Fallen chimneys \ were the 
greatest hazard. This experience has been typical of other earthquakes. — 3 
Buildings of Masonry Walls and Timber Interior Framing. —Buildings of 
masonry walls and timber interior framing have had a very poor e experience 
record. In 1906 this type of building suffered most heavily from the shock and ‘ 
was responsible for the greatest | loss of life. Damage ranged from minor cracks — 
to collapse and prompted the 1906 ASCE committee to call 


no because it had 1 pummerous cross walls 
7 ra and exceptionally good mortar. Agnews Hospital, near San Jose (Calif.), see 
_ the other hand, was a complete failure, with the loss of 112 lives. J ‘This disparity 
suggests. the improper ‘use of materials and poor design and construction. 
_ Subsequent earthquakes have demonstrated the same weaknesses in unit- © 
Masonry construction. Nevertheless, structures of this type can develop 
reasonable resistance to if special design and construction 


ae 


7) Buildings with Complete Stel Fr Foul: —Buildings i in which the frame sup- 4 


haf ported all walls and floor loads gave a good account of themselves in 1906. ‘. 

varying degrees of damage occurred walls, facings, and appendages, 
* damage to steel frames appeared to be minor. The ASCE Committee on Fire — 
and Earthquake | Damage recorded one of the most authoritative ok ea 4 


6 


Structures with X- -bracing | had some failures” directly attributable to this 4 
4 ‘Tigid type of bracing. Those with moment- -resisting frames were more sue 
cessful, indicating the desirability of strength coupled with flexibility. = 
Ferry Building tower was X- ~braced with rods and the damage = 
Claus Spreckels Building was braced with both and X- -bracing, 
a ideohemtine for a wind pressure of 50 lb per sq ft. Only minor damage was — St 
“ apparent i in the steel X-bracing, although | there was considerable damage to “i 
stonework resting ¢ on the frame, especially betweeen the tenth and the sixteenth ¢ 
_ stories of this nineteen-story building, 
2 Other steel frame buildings had less lateral resistance than the Claus F 
— ‘id Spreckels Building, generally i in the form of portal or ‘moment-resisting gconnec- 


Some buildings were large in area and had no special wind or earthquake 


¥ 


bracing. Typical of these buildings were the Merchants Exchange, ‘St. Francis : a 
Hotel, Fairmount Hotel, ~Monadnock, Rialto, , and Flood buildings, in n Sen 
‘Francisco. _ The damage to steel frames was negligible. Partitions calls of 
tile cracked, but walls of brick, or stone and brick, did not suffer as much as 


_ might have been expected. No foundation “damage was observed in any of 
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ing, but this s damage i is generally ae 


n fe with generous assumptions, this building will resist no more wind pressure thin ’ 
10 Ib per sq ft or lateral | load of 0.6% gravity. Aly 
- The cracking of brick walls (St. F rancis Hotel, Merchants Exchange, Atlas, ee 


4 New Chronicle, and Monadnock buildings, as examples) indicates a need, not ee o 


only for an adequate bonding of the walls to the steel 1 frame but also for ae a 
recognition of the rigidities of these structural elements. 
Po The record in Tokyo in 1923 was somewhat similar, although evidence at 
hand seems to indicate that this earthquake was s much more severe than the 8 
San Francisco ear thquake of 1906. Quoting from a ‘paper by John R. 


“There 16 large steel-framed buildings in Tokyo. Of six were 


_ absolutely undamaged by the earthquake, the remaining ten being more 0 a 
af severely one to the point of collapse.” fram 


This last building, the Tokyo Kaikan, has been described as follows (2b): 
_ “The steel frame was very light. _ The steel columns were so small in cross- bi 
. tot section and the bracing so little that this can hardly be classified as a steel _ 
he frame building, the construction being far below both the Japanese and — 


== 


‘The Nippon Kogyo Bank, in 1 Tokyo, designed by Tachu Naito for a a lateral : 
force of g/15, was among the buildings practically undamaged. | 
Among the more severely ‘damaged buildings of the steel frame type were 
= the Marunouchi, Yuraku, Japanese Oil, Yusen, Mitsukoshi, Tokyo Kaijo, and 
Chiyoda buildings in Tokyo. Of these buildings, Mr. Freeman states, ‘‘* 
7 the question of bracing was more or less incidental, and probably ee 
to other considerations.” From the meager details av: available, the undamaged 
steel buildings seemingly had reinforced concrete filler walls, whereas those that oa _. 
were damaged, had brick or tile walls. Without r more complete details, it gen 
impossible to appraise properly the damage to these buildings. 
‘Reinforced Concrete-—In 1906 reinforced concrete construction was in its 
 infaney, but well-designed ‘structures came through excellently. At Santa 
Barbara in 1925, reinforced concrete frame buildings with concrete Se 
hollow tile filler walls suffered fractured concrete columns and more or less 
complete destruction o of the tile walls. Other all- -reinforced concrete buildings , 
‘fared better, although there was some cracking of walls and piers. Tokyo 
te contained a large number of concrete buildings in 1923. Of some 700 buildings _ 
- @ this type, approximately 75% were undamaged, 27% | failed ed completely, and 
23% 1 were damaged i in varying degree. experience of composite ‘construc- 
AG tion with weak-bonded filler walls of another material, such as brick or terra 


[= Appurtenances—Taken as a whole, a very small percentage of 


j 


- buildings has suffered complete collapse. Considerable damage and loss of life, 
however, have been attributed to lack of attention to certain design and con- 


details. Fallen chimneys have been mentioned. Damage to para- 


filler walls, gable end walls, and various appendages has 
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common in all major earthquakes: is inexcusable, since, 


- with reasonable attention to the deteile of the fastening of these parts to the 


Other Than such as bridges, towers, and 
; chimneys, have | also suffered damage. The records contain much date on n da- 


South O.lg 
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if 1 we 
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mage to bridges which i is not related here, since ie dedi are not generally built 


- Industrial structures, aush free-standing 


however, do come under the building codes. arsed coved 
towers of the braced ty pe have been vulnerable 
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AND 
relative weakness compared to. the | reserve” "strength of the vertical load 


under ‘the of the ensuing ground n 

* _ maining frame fails and collapses. Typical was the experience at El Centro, iz 

: in 1940, where two elevated tanks collapsed, four tanks were seriously damaged, — 


| and two others were undamaged. The two undamaged tanks had been designed 


; Frequent partial or complete balboa: of chimneys (mostly brick, but also 
some: concrete) has also occurred. An observation that the failures generally 
well above the base indicates a weakness ‘not properly covered i 
Group 
Knowledge of the of earthquakes on is ex- 
tensive than knowledge of the ground: motion responsible f for these effects. fee 
. for the damage produced i in San Francisco (1906) and in Tokyo = 


for example, there are only rough estimates of the 


In 1932 the United States s Coast and Geodetic (USGS) ini initiated a 
_strong-motion program in California to obtain instrumental records of 


‘motion | in destructive areas. The Long Beach Earthquake of March 10, 1933, ITs 
produced the first results. They were imperfect, however, because the accel- 


eration exceeded that for which the instruments were designed. The program 
oo extended with instruments « of more ) rugged design, and the E El Centro record — 
ie (51) of May 18, 1940, shown in Fig. 2, represents the most significant result to 
date. ‘Table 1() summarizes s instrumental data from Long Beach and Los 


of 


San F rancisco, Tokyo, ‘and Fukui, ‘The data 1 should not be 
_ without consulting the complete r record cited i in Col, 15. _ ‘The velocities, accel- — 
erations, and displacements are maxima and do not necessarily correspond one 
The strong-motion seismographs in general use are called ya a 
_ because, for all practical purposes, the 1 record produced is that of three mutually “hes 
components of the ground acceleration. The acceleration record 
ow be integrated to obtain the velocities and displacements time which 
Astide from these instrumental records, the practice has (and in the 
continues to be) to rate earthquakes on the basis of their destructiveness, 
i” or on a so-called intensity scale. About 1883 the Rossi-Forel (37) scale was "ho 
‘established, 1 ranging through ten divisions of intensity. In 1931 the 


tensity I being barely felt under favorable conditions, and In- 
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damage and the establishment of the. intensity of the earthquake by : a ‘damage 


Various assumptions have been used to determine, from the motion 


where instrumental records of ground motion are obtained, the observation of ae 


t scale is a necessary supplement to the records for an engineering understanding _ 


ails TABLE 1.—Summary OF Grounp Motion fun 


‘Maxtwum ACCELERATION XIMUM} 
le vis pst mis MENT 


Pe- 

riod ment sec (sec) 

(4) | (6) (8) (9) (20) | (12) | (22) | 3) | (14) 


Line 


Utilities Bldg. 0.30 | 0.50 2610.11 | 0.07 | 25 | 1.50] 6.0| 1.5 |(48a) 
CMD | 210 |0.215)0.70/ 2.6 | 50 |0.05/0.13 | 0.02 | 24 0.70} 6.0} 2.5 


0.06 1.0 1.5 0.02} 15 |2.50 6.0 (480) 
} 0.12 12 0. 13 0.05 0.08/0.125| 0.03 6 }1.2 8} 1. 2 (490) 
5 Centro, Calif., 


— 320 (0.33 |0.3/ | 1.3 0.23/0.10 | 0.07 Pty 4.0 |19.0| 4.0 (50) 


— 

Marsh 
Tokyo, Japan, 
Fukui, Japan, | 1948 


Reference numbers to those in the Bibliography, Appendix II. As calculated by the 


formula Long Beach. Central Manufacturing District Bldg. Los Angeles. sec to 0.5 see. 


: EARTHQUAKE Forces noid 


i. the forces acting ona structure. The simplest and | most extensively used analy- sen 
sis assumes the acceleration of all parts of the structure to conform to the mt 
acceleration of the ground. The transformation of accelerations to forces is 
Made by applying Newton’s law: Force is proportional to mass times accel-— 

oy eration. This assumption requires a a structure of infinite rigidity and fails to ; 
consider the elastic characteristics of real structures. The case of the Nippon 
Kogyo Bank i is cited to illustrate the inadequacy of such a simple assumption * 
the building was s practically undamaged although the estimated ground acceler- 1) 
ation was five times the acceleration corresponding to the design lateral force. 


Dynamic methods based on the elastic of deformations of 
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| 
Lacking accurate motion records, it was 
plete these analyses rigorously. The assumption of simple harmonic ground 


‘motion w was generally made, and the results reflected the steady-state 


: an vibration. The conclusions thus established were of limited value, for | 


sinusoidal ground motion does not occur in the destructive zone of an 
quake ; nor can steady-state re response of the structure be established. 


El Centro record, more elaborate dynamic theories are necessary. These are 

:: Red on the transient response of elastic structures to the irregular ground a 

motion that actually occurs and which has been recorded accurately for a 
| 


earthquakes, with that at Long Beach, in 1933. 

> : he behavior of structures in earthquakes has generally been recognised asa ian 
vibration phenomenon of a transient nature. Although rigorous 
solutions are possible for particular ground motions applied to particular 
i structures, these solutions are too involved and of too limited significance to be “eo. 


practical value to the structural engineer. The more rigorous methods, 


ae 


ae should be encouraged to guide the thinking toward less rigorous but sap ir 
It is the purpose herein to outline an approach to earthquake forces which, 
a although not new in its basic concept, has been extended to a rational dynamic _ & ( 
method for establishing the design forces on a structure. The method involves: 
a as First, the determination of the total lateral force or the base shear transmitted _ eae. 
into the structure from the ground; and, second, the distribution of that shear 
equivalent forces applied to the 
ae _ Determination of Base ‘Shear. —The base shear for any structure subjected = . 
i = ground motion is the sum of components each of which corresponds to a mode of r 
vibration. mode may be represented by a simple one-mass system as 
regards the base shear for that mode. Detailed analysis indicates, however, 
a that, for practical application only, the first or fundamental ‘mode need be 
a Mathematically, the response of a simple, undamped or one-mass system to = 
earthquake e acceleration pattern, as measured by the base shear at a particular 


which Vii is the base shear, in W is the in pounds ; k is 
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= The base shear V, will vary in an irregular manner with time, depending 
on the irregular nature of the acceleration pattern, and will have both positive 
and negative values. However, for design purposes the important values of “§ 


are the maximum. It is convenient to determine the envelope that will 
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shear will develop in the one-mass ayetem. of period during the 
_s earthquake being analyzed. It is called the spectral value of V,, and if ¥,i 


V = —, then 4 is the spectral acceleration, or the | Spectral intensity of the — 


te for the period T. if a number of values. of are determined for 


varying periods, 7’, and if 4 is plotted against 7’, the resulting curve is the ac- ‘. 
 eeleration spectrum and is characteristic of the particular earthquake. 
Although the El Centro record exhibits an irregular pattern and lacks any any 
semblance of a simple harmonic motion and although the spread of acceleration _ 
is wide, there a are definitely dominating periods between 0. 1 see 


ainaiiin periods i in this same general range. The accelerations produced by ms 
explosive | shocks, which simulate minor earthquakes, also exhibit this short — oes. 
period p predominance. It might be « expected, therefore, that a ‘one-mass 
Bs system subjected to actual earthquake acceleration patterns would build up _ 
greater response or resonance effect when its natural period, 7’, is in the range a x 
of the dominant earthquake acceleration periods; and it might also be expected — os Re 
that when the period, T, is removed from the dominant range of the earthquake, 
the response would decrease. Available data confirm this view. 
The response of an undamped one-mass system can be determined analyti- 
cally o or r experimentally as solutions of Eq. 1 or Eq. 2. Experimentally, 
such as a torsion pendulum can be subjected to an angular disturbance of the 


lar 1 response is the spectral acceleration for the particular period of the torsion on 


pendulum. This is directly proportional to the maximum base shear, V. — ae ee 
 & Series of such tests, the acceleration spectrum may be obtained, which is a 


indicative of the response. or the maximum base shear transmitted from 
_ ground into one-mass systems of varying period, T. 


4 a number of earthquake patterns, including the Helena aftershocks (1935) 
q ‘and those recorded ‘at Ferndale (Calif.) on medium intensity shocks (1935, 
_ 1937, and 1938). From these recordings, an average reepeaen curve was ob- | 
tained which he calls a “standard acceleration spectrum.” 


uid Calculations based upon the El Centro record, made at the Watson Scien- “i 
4 _tifie Computing Laboratory, New York, N. Y.,on the recommendation and under rik 
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= scale in w which the maximum re response ¢ or base shear is vepranated ‘. 

00, Mr. Biot’s standard acceleration spectrum and Mr. Robison’s El Centro — 
data are shown in 1 Fig. 5. The two curves have remarkably similar shapes, pe 
with peaks a at 0.2 see and 0.25 sec periods, respectively. 
Following the Biot curve, if a one-mass system of 0. 2-sec natural period © 4 
+2 develops a base shear of 100 kips, a one-mass structure of the same weight but _ 4 
a with a natural period of 0.73 sec would develop a base shear of -_ 30 kips a 

under the influence of the same earthquake pattern. 
A lateral force coefficient, C, may be defined by the formula: 


a If Wi is constant, the lateral force coefficient C is directly SER y to V, the 


maximum base shear. In effect then 5 represents the variation of the 


Spring Constant Rin 
Varies” 


of Basic C 
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we force coefficient, C, with the period of the one-mass system; and since © 
the one-mass system represents: the real structure in its response, these conclu- 
sions apply equally well to the real structure. rare 
ie _ The calculated quantitative responses of the idealized one-mass systems are 


onsiderably higher than experience indicates i is is necessary ir in woh design of real ; 


as. 0 g at ro 0. 2 sec. All the effects of such factors as rls 54 tilting, and | 
in real structures tend to reduce the shear transmitted { | the 
Bi net result is that the spectra r 
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in earthquakes, with to of conventional | design wh 
ate have withstood an earthquake « of major r proportions without significant damage. ta ace 
In practical application, it is inadvisable to reduce the lateral force coeffi- 
= cient for * periods less than that it corresponding to the maximum coefficient. — 

ds eae Therefore, it is proposed to require re design for the maximum coefficient a 
vue periods from 0 to 0. 25 sec. For periods higher than T= 0. 25 Sec, it is proposed B. 


. Fig. 5 and falls between the Biot ¢ curve and the Robison curve. A minimum = vi Dy 
a re should also be established which will apply for ail periods higher than at ra 


of the problem are considered. For the present it is sufficient 
note that the base has been established by two formulas, Eq.4 and 


4 of Shear as Applied Forces. —The base V been 
f applied lateral forces 
on ‘the structure becomes the second part of this approach to earthquake forces. — 
.- ‘For this consideration, two types of simplified structures are analyzed, both 5 a 
- being cantilevers o of uniform weight per unit of height: Case I for which the de- “4 
- flection is entirely due to bending ; and Case II for which the softestion | is entirely — ton 


“he. 


= simplified structures are of vibedtine in an infinite of = 
For any particular mode, the deflection curve also ré represents the lateral force 


in which y is the deflection at height : z;zis the height ee the base; k and m oe 

4 are constants depending upon the mode of vibration and physical properties ae Ng 
the structure ; and d, B, and D are constants depending on end conditions. ‘. For ne 2 
= Case I the lateral force i is proportional to the fourth derivative of y with respect 

q 


-_ , which has exactly the same form as the equation for y. - For’ Case 


I the lateral force is proportional to the second derivative of y with respect t to 


to 
I 


z 
d 


which again has exactly the same form as the > equation for y 


The distribution of a unit base shear (V= = 1) applied toa a structure of unit. ie 
height (H = 1), vibrating in the fundamental mode is shown in Fig. 6(a) for — foe <7 
_ Case I bending deflection, Case Il shear deflection, and Case III conventional 4 
static lateral load p roportional to weight distgibution, For most 


“the distribution of ~i unit base shear falls between the curves for Cases I and se 


| 
| 
a | 
4 
pending on the maximum coefficient selected ; and T is the natural period of the 
4) 
he 
4 
curve or the distribution Of the Dase shear as applied lateral forces up thr ough 
the structure. The deflections are given by the formulas (4a): Case I— 
and 
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If the deflection 6 at the top of the structure, vibroting in the 
soda is half due to shear and half due to moment, t, this comblnation i is — in 


ice the av erage | lateral at the top. structures approximating 


the heading is still adequate although g1 greater er refine- 


ment can be used by « Geieivating the base shear directly i in accordance with 


‘or ‘structures in which ‘moment deflection 


IIL- Ws for Static 
Lateral Loading 


(a) STATIC AND DYNAMIC 


curve I of Fig. 6(a). _ A more general form of distribution, which assumes linear 


deflection but which permits the variable distribution of the r masses or weights 


on ‘Set ‘uniform weight per unit height, assumed in developing the curves in Fig. 6 a 
Eq. 8 reverts to the triangular lateral loading, 
The triangular loading or the formula for F, (Eq. 8) determines the vertical 
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distribution of the base shear. To complete ue application of these forces, ~—s 
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>. a limiting conditions of deflection. For slender structures, it will be in * Bc 

_———/ 8 accord with Case I curve; for squatty structures, it will be in accord with Case | 

accor wi ase I curve; for squatty structures, it will be u with Case 

_|m-Wytor | | | | | _ |__| Triangular _ d 

4 
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‘should be 

“done i in accordance with the mass distribution on that level. 

ged | Shear Curves —The integration of the lateral force curves of Fig. 6 for a unit 

shear results in the shear curves (numbered 2, 3, 4) in Fig. The 

triangular loading shear curve, curve 1 is closer to the shear curve for shear _ 

4 deflection, ¢ curve 2, than it is to the shear curve for moment deflection, curve 4. 

' ' This is reasonable for the : average structure. a Tests made ll J. A. Blume, M. 
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aN tall, slender structure (60 ft by 68 ft ie 196 ft high) deflects roughly half in 
shears and half in moment, excluding the effects of foundation rotation. F ound- 
a ation rotation also produces a triangular lateral force distribution. Since most 
i. b. 4 buildings are relatively squattier, the proposed triangular lateral | loading or Me 
linear deflection curve is generally on on the safe side. 
P eye A comparison of the shape of the triangular loading shear curve with tig 
= = shapes of the shear curves for five-story, ten-story, and | twenty-story buildings 
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story buildings fall below the shear curve for shear deflection only, which curve = '- 
= be the lower limit of base shear distribution. On the other hand, the 
Los Angeles code seems to ¢ carry the shears too high, particularly for the ale 
Ange Perhaps concern for the effects of higher modes of vibration 
. _ prompted this standard. ‘However, if the shape of the fundamental mode shear — 
a: is accepted as an adequate envelope to contain the effects of higher modes, 
im the upper-story coefficients in the Los Angeles code are too high with 


respect to the over-all or base shear coefficient. 


Bor 


300 


B enarte can be calculated from V =CW and that C= K/T. In order to deter- 

- mine C, some reasonable means must be devised for predetermining the period 

a T of a structure. . It will have to be known (approximately, at least) from the 

_ basic dimensions and possibly some of the other physical characteristics of the — 

_ structure. Comparison with actual similar structures of known period is one 
approach to this determination. ‘The USCGS has made many measurements of 
ea the period for buildings and other structures. Up to July 1, 1949, approximately _ 4 

1,600 vibration observations had been made in 430 buildings, 150 observations 

on 42 elevated water tanks, 250 observations, as as more than 
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quantitative lateral Torce coemncients, tends to reduce the shears too rapidly up 
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Plotting representative but random building periods observed against 
— - _H?/b (the height H squared over the width b in the direction considered), Fig.8 | 


EARTHQUAKE | AND WIND 


and All Cone 


Wen0.032W 


CASE ASE I SHEAR DEFLECTION ONLY 


£077 
ve 3 i 


=) 


fan 


‘einen © CASE III SHEAR AND MOMENT DE DEFLECTION (AVERAGE OF CASES 1 1 AND a... ule 3 _ 


* to be more conservative, it is recommen 


unless more direct and more accurate determinations of period ar ait 
Of the | points plotted i in Fig. 8, 80% fall above (on the conservative side) of the - ate 
‘recommended curve, 10% are subject to a possible error of less than 25% onthe Be 
ae side, and the remaining 10% are in error between 25% and 40%. From ie 


simple, easily- applied formula (Eq. 9) is reasonable for 
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4 was obtained. The orrelation 18 not entirely satistactory. but it is the best of 
several other simple 
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the present. should be undertaken to confine the period 


TABLE Base IN SECOND | 


predetermination within closer limits without sacrifice of simplicity. = = 
Effect of H ‘igher J Modes.— —Equivalent one-mass systems ¢ can be established for 

complex structures vibrating in the fundamental mode, and also for higher 
= - modes. In each of these one-mass systems the response (as measured by the a ee 
shear transmitted from the ground) corresponds to the base shear trans- 
mitted from the ground into the real structure in the particular mode of vibra- 
tion being considered. In each case, the period of the one-mass system corre- ( 

4 sponds to the period of the complex structure. If the shape of the fundamental ay 
shear curve constitutes a good envelope to contain the shear curves for the 
higher modes, it is reasonable to design for the fandamental mode and 
= take into account adequately the effects of higher modes. _ ees CCl 
Milton Ludwig (82) has determined ratios of the weight! of equivalent one- 
mass systems, W,, to the total weight, W, of structures of uniform 


| 


Ratios Ratios T/T; ad Revative Base 


Case I | Case II |CaseIII| Case I | Case II | Case III 
Bending| Shear | Average|Bending| Shear | Average 4 
( 


@ | | @ 


Fundamental .| 0.613 | 0.810 | 0.712 | 1.000 | 1.000 | 1.000 | Vi =0.247 x0.712 W =0.176 7 4 

Second... 0.188 | 0.090 | 0.139 | 0.160 | 0.333 | 0.247 | Vs=1.00 X0.139W=0.139W 
‘Third 0.065 | 0.032 | 0.049 | 0.057 | 0.200 | 0.129 | Vs=1.00 X0.049 =0.089 


cases correspond exactly to the cases considered under the eee of the 
_ base shear as equivalent applied “sand | on Case III is an average of the equiva- ; 


‘The relationship between the and higher mode periods for 
these same cases has been established as shown in Table 2(b). Averaging the 
ie af _ ratios for Cases I and II is perhaps a rather r arbitrary way to arrive at some 
in-between value that represents deflection due | to both bending and shear. 
a _ However, the observed periods in the Alexander Building, for which the de- — 


and 0.132 for the third mode, checking very closely the average 


ce. 


and third mode period 0.130 sec. establishes n maximum “coefficients for | 
= the second and third modes and a low coefficient for the fundamental mode. — 


relative base shears developed it in these three modes will be as shown ib 7 
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Tae ‘These base shears and their distribution are over the 

— height of the structure, using the triangular distribution for the fundamental _ oe 

mode, to obtain Fig. 10. The second mode distribution corresponds to the et) i 
average of the shear and moment deflection curves in this mo mode, and the third © .-. a ‘ 


mode distribution corresponds to the shear deflection curve. 208 SS 


Be The higher modes, particularly the second mode, can oan a very eee : 
in shear moment and stress distribution in the height of the ‘structure 


higher modes. If a structure has | been designed for a practical base <i 3% 
coefficient and if this base shear is distributed in the triangular fashion, the 
= resulting structure will have reasonably well- belanced strength to Tesist the 


4 


oF 10.—RELATIVE SHEars FOR THE FUNDAMENTAL, THE SECOND, AND ‘Tam Moves BEE 


combination o of shears of various modes to which the structure will actually be 

subjected in an earthquake. A factor that has not been considered in Fig. 10. 

9 is damping, which reduces the response of the fast-moving higher modes oir 

4 _ than it does the fundamental. _ The effect of higher modes is less for buildings — 


q ' and structures for which the shear deflection predominates, or mien 


fundamental mode iseven more important. 


> _ Experiments conducted with a dynamic building model ona shaking table 
Ea ‘at Stanford University (42) indie: ated that shears for the second and third modes 
of vibration were considerably greater than for the fundamental mode for a 
rigid 1 model. These experiments have made a notable | contribution 
_ the over-all understanding « of the dynamic « effects of earthquakes. 7 However, an 
the simplifying assumptions which had to be made in the model experiments — ne 


the influence of the higher modes. af duration of 2. 2 
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applied ‘the second mode was 5.61 and the third 

| mode, 11.82 cycles for the model of the Al Alexander Building, San Francisco. 

: While there is a dominance of higher frequencies in an actual earthquake on 

4 it is doubtful whether the r ratios of cycles w would ever reach 1.63: 5.61: bes 1.82 in a 

= Further. experiments with simplified models, equivalent one-mass 
systems, would be helpful in establishing or corroborating the relative impor- 

tance of fundamental and higher m modes. 10 The models should be subjected to 4 i 


actual recorded es earthquake motion and provision n should be made for the effects 


of W.—Before establishing the quantitative coefficient 
rs aa should apply to buildings and to other structures, two other items sshould — 
Pa be considered which can be defined independently but which, when defined, a 


the se} lection of the coefficients. One ‘is the determination of 


— 


at the base shear V (Eq. 4). ‘The other is the consideration of the allowable 
 inerease i in stress for the short-time leading condition prevailing in an se 3 4 
basic principle is universally accepted that W should be the 
~ Toad existent at the time of the earthquake—the load contributing to the masses — 
to be accelerated. The entire e dead load, and any live load that might reason- 
ably be expected, _ should be included. The : structural elements of a here 
are designed to carry any vertical loads to which, at any time, they may th 
subjected. It is usually required t that ; Office floors be checked for concentrated — 
~ loads; but it is not logical to assume such loads over the entire office floor for _ 
_ A comprehensive study of the actual live loading in many types of buildings oe | 
sine made by the Department of Commerce Building Code Committee (28) in 
1923. The actual average live load in oes hospitals, hotels, and 


— 


wee 


te 


+ lb per sq ft, ‘but i in n such cases the adjoining rooms, in all probability, would not oe 
occupied. Storage areas, warehouses, etc., naturally vary greatly in their 
loading, dependent on ‘such factors as the materials and method of storing. 


es However, due to the necessary aisles, passageways, and unloaded areas, an 
a average live load i in warehouses of 50% of the design live load is adequate for _ 
seismic design. In view of these” considerations, the load W to be used in 


- dateral design for buildings i is defined as the total weight of the structure above 


1 “* * * all dead load plus 50% of the design live load for storage and ware- 
ES. ~ house floors, 25% of the design live load for all other floors, and no liveload _ 

a For structures ote than buildings, W is defined as dead load plus normal © 
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Allowable Stress Increase —Praetically every current code allows one-third 
 jnerease in normal design stresses for combined stresses from lateral forces and 
_yertical loads, provided the resulting section is not less than that required for the 
dead loads and live loads alone. Also, for members carrying lateral force 
= stresses only, the permissible stress is one third greater than normal. si! daiyanl ii. 
__ The one-time proposed California Building Code which was sponsored by the Te 
i: State Chamber of Commerce (29) included Provisions: for stress increase of = 


for combinations including earthquake loading, except that for columns 


a There is a sound basis for these higher increases in allowable working stresses 
under earthquake conditions. They provide for a better balanced design. 
a Members which normally carry full stress under vertical loading and members oe ; 
which carry virtually no stress under vertical loading approach failure together 
as extreme lateral forces are applied. The moderate one-third increase in 
allowable working stress results in unbalance such that certain members are 
stronger than others. The weakest members are those which normally carry _ 
5 os ‘no stress and the strongest are those which are fully stressed under vertical 
loading. This is a well-known fact and can be demonstrated mathematically. “i 
Further study should be made of the interrelation between the allowable stress _ 


increase, the balanced character of the e design, and the adopted seismic coeffi- f 
J 


Pending such study, bower; the Joint Committee retained the 


- presently accepted « one-third allowable stress increase e and ane set a lateral 
force coefficients on this basis. 
Quantitative Coefficient C. —In the present state of 
the maximum and d minimum lateral force coefficients must be based on engi- 
neering judgment and experience. Correlated factors, such as the definition 
_ the weight W and the allowable increase in stress for combined lateral and 
= ertical loading, have _ discussed and the coefficients chosen are necessarily — 


related to these factors. ets lx saponially ra wake 


arrive at these coefficients, the Committee has considered i indetail 


< requirements which will result in structures safe against major s 3 


damage and loss of life i in the event of precedented earthquakes. 
extensive review of and damage, and the cal- 


‘California building that had a lateral resistance pePrarensnadi toc =0. 02 or *e 
_ greater based on current design practices. In fact, many buildings with less <a 
— lateral resistance than C = 0. 02 have successfully withstood major earthquakes. . 
‘The Flood Building with a a calculated resistance less than C= = 0.006 has been 
Prana a Other buildings designed for wind forces, again ‘corresponding to 
low earthquake coefficient forces by current design practices, also o.withetnod = 
" am Damage and loss of life that did occur in such buildings was caused by 
inadequate anchorage of of elements such as perapets, filler 
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tions, stair and elevator walls, stair treads and stringers, in 
= _ structures such as roof tanks. The anchorage of such items requires soreness a a 
4, An ‘unnecessarily. high ‘coefficient for slender buildings re requires. a wheat 
bracing that i is inherently very rigid, and this rigidity increases the probability ° < 


tal ‘Joint was ‘unanimous in ite selection of C = 0.0 as the 


maximum base coefficient for buildings and C = 0.02 as the minimum 
coefficient. Hence, Kin the formula. C= K/T must be 0. 015, as: shown graphi- 4 


0.04 


‘Rate al ber SPECIAL ConstpEraTions oF. 


= Special | conditions or considerations with respect to earthquake forces 


buildings include: Load-carrying capacity of the soil; ‘moment-resisting frames; 
overturning moment; rigidities and torsional moments; setbacks and towers; 
lateral forces on oor of structures; and combined axial and bending stresses 

 Load-Carrying Capacity of the Soil.—It has been generally (although not 
ee consistently) observed that damage in earthquakes has been | more severe on 
alluvial or filled ground than on firm ground or rock. Records show greater 
4 movement and larger accelerations in the softer ground. However, it has also og 
ae been observed that certain rigid buildings fared better on the soft ground than a 
7s they did on the firmer soils. This was the case in Tokyo. - Kyoji Suyihiro >and # 
a. Mishio Ishimoto (64) stated that “* * * there is ample evidence to show that 
rigidly constructed buildings withstood the earthquake better downtown than 
ae uptown,” although the relative number of buildings destroyed proved conclu- — 
sively that the earth motion was more severe downtown was 
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at in just the same manner as the surrounding ground seems to us to be 
erroneous. If the surrounding ground were of hard rock and the foundations 


rigidly built upon it, the foundations would follow the ground. However, | 
a for buildings standing on soft alluvial ground like downtown Tokyo, the 
__ gondition should be different. In this case, the rigidity of the buildings 
os being far gee than that of the ground on which they stand, the iity thet 
should behave like pebbles placed on gelatin and there is t 


_ they actually rock as a whole upon the soft ground. tr 


It has been found that the rotation of a building™on its base, i in vibrating, hasa 
= very considerable effect in lengthening the natural periods of vibration of the | 
building, especially the fundamental period. This rotation is of greater 
on a rigid building than on a flexible one. The rotation of a building on its ~_ 
foundation has a cushioning effect, which decreases the shears and 
moments throughout the building in all modes. bayohis 
ng _ The observed greater damage in alluvial ground is apparently due to other 
tt as much as or more than to the soft ground itself. Consideration must 
_ be given to the types of construction on the two areas—the soft soiland thefirm 
_ soil—and it may be found that inferior construction occurred i in the po poorer soil — 
area. Again, settlement damage that has occurred in alluvial soils in earth- 
a quakes cannot be corrected by increasing the lateral force factors. = 
‘Several codes already recognize that current knowledge is insufficient wo 
a - justify different lateral force factors for different soil conditions. The Joint 


Mom oment-Resisting Frames. —The history of earthquake ‘damage indicates 
Q that buildings with moment-resisting frames, designed usually for wind without — 
_ earthquake considerations, have had a very good record. — _A frame encased in a: 
more rigid walls can resist only a very small part of the lateral forces to which >: 
a. building is subjected. If cracks develop in the more rigid walls, the frame ve ; 
Pe comes. into action and provides the structural support for the building “eloth- 
ing.” For earthquakes of long duration, this is especially important. 
ah Recognizing this experience, provisions have been made to allow for the a 
added safety feature of moment-resisting frames, provided that such frames 
q have a resistance not less than 25% of the total lateral force requirement. "ee a Ayl 


_ Any resistance built into the frame may be subtracted from the total lateral * e. 
: force requirement to arrive at the Tesistance to to be carried by other elements ; 4 a 
‘/ but the building as a whole (that is, in accordance with rigidities) ‘must be re! 

quired to resist a lateral load not less than that given by C = 0.02, oe 


For buildings higher than 135 ft, a moment-resisting frame is made obli-| 
; This frame must be for a a lateral base shear corresponding to. 


g cvettaiaing of a structure as a whole, or the overturning of lateral force carrying — "4 eu 

_ elements of the structure, have varied all the way from no provision to full — 

‘. provision for the overturning effects of the design lateral forces about a fixed - ae 

dase. Without doubt, earthquakes induce moments in buildings; that is, the 

type of moment by whieh floors rotate. On the other ‘hand, there i is general: 
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agreement t that the requirement for full overturning oe ‘effects on a tall, 
slender structure is more severe than can be justified by any research to date. -* 
os This type of structure will tend to vibrate in combinations of higher modes with 4 : E 
an the fundamental. _ The full design shears of the fundamental mode (which, as 
at cae explained, is taken to be the envelope of shear requirements) do not infer that _ 
the corresponding overturning moments are realized. The vibrations in the 
- higher modes will cause reversals, adding to and subtracting from each other — 
and the fundamental vibration. Down a certain distance from the top, it is 4 4 
a conceivable that the full overturning effect might be realized; but not all the — 3 
way down—not for the tall slender structures, atleast. 
~ # The Joint Committee recommends that these overturning moments be am 
ny calculated for the design lateral forces for the top ten n stories of buildings, or for : 
ag the top 120 ft of other structures, for the full cantilever effect and that moments 4 
be considered constant: from that point to the foundations. full over-— 
3 turning effect of the stipulated wind forces must be provided for. oi urthermore, — 3 
over-all structure and its foundation must have a dead-load resisting moment. 
less than one and one half the moment to these 


= 


in with Tigidities requires the designer to te speci- 

lateral loads properly. Rigidities of both horizontal diaphragms and 
vertical elements carrying lateral load must be considered . Recognition of ‘a 
horizontal _torsional moment follows” from ‘rigidities. if the rigidities « of 


bes 


provision 1 must be made for the twisting or torsional by t 
Setbacks and Towers on Buildings.—Setbacks and towers on buildings affect 
& the period T. After consideration of the effect of setbacks on the period, both * 
from the standpoint of shear and moment deflections, the Joint Cemamaitige: 
concluded that the best solution is to require the calculation of an average — r / 
height H, found by projecting an elevation of the building on a plane parallel to || i | 


es the dizection considered and dividing the area of this projected elevation by t the ; 
over-all width b. Thereafter, the building i is treated as a building without set- 5 . 4 
‘a 

gives yensonable results. For smaller areas, the shears, expressed as a percent- 


ic” of the tower weight, increase very abruptly. _ Consequently, an optional — 


and weight, but with the shear from the tower applied as an ‘additional 
lateral force on the top of the building | below. Al 
a __ Lateral F Forces on Parts of Structures. —It been mentioned that at consider- 
4 able damage in earthquakes and the injury and loss of life have been attributed me. 4 | 
to inadequate ties and lack of attention to details. It has been common practice Ya 
in seismic design : and seismic codes to stipulate larger lateral forces on various: y 
parts of a building than on the building « as a whole. A ~The Joint Committee is in ; ‘ 
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Asial and Bending Stress in Columns.—The point ina 
subject to both axial and bending stresses, at which the combined stress should - 


needs clarification. - Adjacent to the support, the full allowable bending stress _ 
_ should be allowed. _ Based on its judgment, the Joint Committee has indicated 
‘that Eq. 10 needs to be checked at and between the quarter points of the un- : 
_ supported length of the column and that the allowable bending stress f.» shall 
be permitted between the point and the support. 


—— 


For straphared 0 other than buildings, the Joint the 

: nn general approach as that outlined for buildings. However, due to the 

generally simpler | structures involved, with less damping action and little if any ore 
reserve strength such as is ater available i in buildings, iti is recommended that 


<< - Because of experience with braced tank towers, their lack of reserve seat, 
o* the rigidity of bracing, and the : susceptibility of the bracing to impact stresses, 
it is stipulated that these towers be designed for a C-factor of not less than 0.10. 


=" Considering the importance of keeping a a water supply intact in event of —— 
conservative design to be i inorder, 


The application application of recommended code to determine t design earth- 
ae quake | forces in 2 a rectangular ‘five-story | building (Fig. 12(a)) and i in an L-shaped, 
_ twelve-story building with a setback (Fig. 12(b)) is shown in Table 3. ae 

> following are the steps taken i in the direction of each principal axis: - 


4. Determine the period of the structure, 

Using this period, , calculate the shear coefficient, 


ir Tabulate the product of weight and height f for each floor, Us shy en sum 
these products for the entire building to (wh); 


f. Determine the ratio by which e each product Ws on is to be multi- 
PACT) wh) 316) 
plied to F., ‘the portion of the V to be ‘al t that 
‘Tabulate the F, for all and sum these to check ‘with the base shear 


4 


a 


4 


— 
— 
ith 
— 
— 
ihe — 
— 
be: = 
— 
— 
CC, — 
— 
> ‘ 
eat 
ind 
line 
and 
the 
| 
— 
a 
the 3 | 
— 
ject, — 
oth 
tee — 
lto 
— 
the 
set- 
ons 
mal 
nal — 
ious] — 


‘as 


i> 


we b=125 Ft 


¥ 

Bar 

— 


im Par’ pre 


ei defined i in current codes, are approximately double the base shear coefficients. 


hus in the the equivalent coefficients in the tw 


In Table 3, Cols. 7 and 9, a This is not normally required but is 4 iva 
here to illustrate that the e Shanes — 
— 
iol t batvequi — 
— 
— 
— 
— 
— | @) TWELVESTORY BUILDING 
4 


the are 5. 45% and 4 4.69%, compared 
ad. base shear coefficients of 2.62% and 2.21%, respectively. The effect of the set- a 
a. back i is to require s somewhat higher lateral forces i in the upper paring of the struc- 


‘ 
i 0.05 H _ 0.05 X 68 _ 
30.7/7.95| 281/562} 
56 | 65.4 | 6.54] 46.4 | 4.64 9.05 x68 _ 


0.0468 


S W = 0.0468 X 4,650 = 21 
= =" = 0.0381 4,650 = 


12 

12 
= 
12 

12 
20 


15.2 5.01) 64.9 | 4. ‘Twelve-Story Buildings 
‘ 92 X 125 +60 X75 


lor. 
| 55.8) 3.72) 48.2 13.21) 2.08 _ 0.08 X128 57) 


0.05 X 152 


160 fini 2.87| 494/247] Ts = TOMS, 
48.6 | 2.43) 42.0} 2. 0.015 _ 0.015 


| 136 


2,562) 113 | 40.5 1.58] 34.9 
| 3.125] 100 | 36.7|1.14| s09]0.00) vi = W = 0.0262 X 23,612 = 
3,125] 62 | 22.2 0.71) 19.2/0. 20) 


Thousands of foot-kips millions. of Percentages. 
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ture, as meesured be the equivalent story The top-story coeffi- 
cients i in Fig. 12(6) (Table 30) are slightly more t than double t the base shear 


coefficient, whereas the “corresponding ratio for a twelve-story ‘uniform plan 
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Beers in this field in recent years, and concluded that no major changes from the . 
of current codes were necessary. 
a ‘The basic measure of wind pressure on a structure can be ep inc for 


engineering design purposes by the formulas: 


the design velocity of in n miles per y qi is the velocity 
pressure, in ponnes per square foot ; c is the shape factor of the part or whole of 


5-min 1 average design velocity, a gust factor, is 


records of the United States Weather Bureau. American Standards 


Association (ASA) recommends gust factors varying. with height above the 
a; (36). At 30 ft, the factor is 1.5; at 500 ft, 1.3; at 1,000 ft, 1.23; at 4 
1,500 ft and higher, 1.2. After oxtentive at the University of 
"Michigan, in Ann Arbor, R. H. Sherlock, M. ASCE, recommends (25) a gust 
factor of 1.385 for low buildings compared with 1. 5 by the ASA (36). Thel 385 
factor corresponds to a 3-sec gust, the minimum time necessary to develop the 
-maximum pressure on a building as a whole. 
= For San Francisco, 78 years of observation give a maximum 5-min average 
ind velocity of 50 miles per hr, 112 ft above the ground. Using the relationship 4 
that the w ind velocity varies as the one-seventh power of the height, this gives a a 
velocity pressure for this area by Eq. 12. Using the more conservative gust 
a eg factor of 1.5, the wind pressure is q= 0.00256 E 1.5 X 50 X ( 
lyr 


recommendation for Northern. California, which is 9 to 10 Ib p per | sq ft. 
ar The shape factor varies considerably. _ For structural shapes, such as small 


m) 
per sq ft at 30 ft above ground. This accords with the ASA velocity 


q 


J 


angles, channels, ‘squares, H H-beams, H-columns, and flat plates, it varies from — 4 | 


1.6 .62 to 2.19 when the wind i is free to goal all around the member. For buildings — 


~ and structures of “average” size on the ground, it is generally assumed that = ; 


shape factor c is 1.3, consisting of 0.8 pressure on the windward | side ard 0.5. 


For San Francisco thie value would give a design pressure 
x total windward and | leeward effect, of Ps, 1.3 X 9.88 = 12.85 Ib per sq ft 
at an elevation of 30 ft. Based on the Sherlock gust factor of 1.385, this design © 
> Ae pressure would be less ; that i is, 10. 95 ib per sq | ft instead | of 12.85 Ib per sq ft. : 
2 - Also for heights less than 30 ft above ground, the pressure would be further — 
2 reduced, 80 30 that a building 30 ft high with a , design ‘Pressure at the top of 


q 


12.85 Ib} per § sq sq ft would ne an average lateral wind force of less than 10 lb per 
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Thus, there i is considerable evidence to support a , reduction of the design — 
for low buildings a and structures. From the standpoint of safety alone 
this could be done. However, the Joint Committee felt that to provide reason- 
ce able rigidity against deflection, current wind pressures specified in this area 
should be continued = ‘These are 15 Ib per. sq ft on structures | up » to 60 ft high 
and 20 Ib per sq ft above this point. For purposes of design of the structure as a “ 
1a whole, these pressures can be applied entirely on on | the windward side because 


ee walls not less than 20% of the wall weight nor less than 15 lb per sq ft. — ae a 
small roof structures, subject to higher wind velocities and higher 
factors, 30 lb per sq ft wind pressure is specified. Also on open-frame structures 
oa - for which the shape factor is higher and for which the leeward side framing is : 
3 jean toa reduced velocity, wind pressure of 30 lb per sq ft on one and one- Rx, 
wae times the area of the members in the windward exposure is recommended. 
eae It should be emphasized that, although the lateral forces specified are — 
A ” generally satisfactory and conservative for most of Northern California, there sie 
are locations of extreme exposure, fetch, and height which require higher factors. % 


rs "mated at 84 miles per hr in 1914, with a continuous record from 1911 to 1944. 
49 (oy This would correspond to a wind design pressure of 36 lb per sq ft, compared to 
fe _ the 12.85 Ib per sq ft for the San Francisco record. — ‘ This record at Point Reyes, 
4 aie however, is not typical of the other record stations. — ~ It would not be in order to t 


penalize a area by excessive design wind because of a localized : 


a conditions, wind record, exposure, etc., in determining the design wind forces. 
RECOMMENDATIONS For Future Stupy 


ed which require | further research either to substantiate the ‘current 
Ss recommendations, or possibly to modify or refine them. mi Although t they are not ni 


all-inclusive suggestions { for future research include 
‘research include: UE 


y hs More extensive, accurate records of ground motion, encompassing on a. 


ae 2. Additional response ona for one-mass systems, including the effects o fe 
- mping, preferably to be made a part of the analysis of the waned motion a3 


_ 3. More complete exemination of the periods of vibration of buildings a pe Z 
cons structures, and the factors affecting these periods, and establishing a sears a 
4. of the of soil conditions on ground motion the r respons 
structures, including the effects of rotation in softer and the influence 
these factors on the lateral force coefficie 
5. Additional model and shaking table relating the 
Fesponse of one-mass systems and systems to the responses 
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6. “study of the rigidity criterion for the distribution of design lateral forces 


7. Further study of allowable increases in working steenses : for short-time 

4  Iateral loading combined with normal vertical loading to include the basic — 
structural materials and, if increases higher than the current practice of 33% 
er 9: are i in order, to consider the effects of these upon the lateral force coefficient C; ae ve 
8. Establishment of a design criterion for the overturning effects in earth- 
9. Cataloging and indexing of buildings and other structures which have 
as My been designed for seismic forces, with basic structural data, so that in the event — i 


ae aa of a major earthquake, an early report of rte or lack of damage “< its = 


‘ 
ond of modification of lateral wind pressures for these structures, 
4 LL. Study of earthquake effects on bridges that are not covered in this paper 
a they do not come under the jurisdiction of of the building code. ode. 


~The Joint Committee on Lateral ae was appointed April 2, 1948, by - 
"the Boards of Directors of the San Francisco Section, ASCE, and the Structural © “i 


Engineers Association of Northern California. _ This paper, based on the re 


of the Joint ‘Comnittee, is presented under the joint a uthorship of 


BY j ain The following code recommendations are numbered for adaptation to oS 
code. For example, if Forces” were included as Sect. 8 of 


pe cs Every building and other structure, in all its parts and details, shall mr) 
designed and constructed to resist and withstand lateral forces herein described 
from any direction due to wind forces or earthquake forces, whichever are 


— em var greater. The forces considered shall be not less than those described in Sec- 


that all its elements calculated to resist lateral forces are tied and bonded to- 


SA (a) For purposes of design the wind pressure shall be taken on gross area of ie a 
se the vertical | projection ¢ of buildings an and structures at not less than 15 lb per sq ft 

for those areas of the building or structure less than 60 ft above ood and at a 


tions 02, 03, and 04. In general, every building or structure shall be so designed 


— 
—— 


7 
~ 
= 
— q 
q 
a. 
4 
a |". their anchorages shall be designed for an uplift force of 10 Ib per as 


The wind pressure tanks, signs, or other 
hs structures and their supports, shall be taken as not less than 30 lb per 8q ft of 
gross area of the plane surface, acting in any direction. w 
oat (c) In calculating the wind pressure on circular tanks, towers, or ae 
: _ these pressures shall be assumed to act on six-tenths of the projected area. - . 
ae (d) On open-framed structures the area used in computing wind pressure 
_ shall be one and one-half times the net area of the framing members in the | 
exposed to the wind using a base of 30 lb per sq ft. mont 


— 


‘Secr. 03. —MInimum EARTHQUAKE Forces FoR Bumpines _ 


4 (a) Total Lateral Force. ~—Every — shall be designed a nd constructed = 


in which V is the total lateral force or shear at the base; C is the numerical : 
coefficient as given hereafter; and W is the total weight of the building above | 
the base, including load plus a of the live load 
1. In the building a a whole the coefficient C shall 


direction considered. required value of C shall not be less 0.02 


‘walang for a contemplated building. In the absence of Sood data! it may be 


a in which ‘Hi is the height of the. main portion of the building, i in n feet, measured» ; 
ieee the base which shall be | the level at which the structure is Fea oll 


thie 


ths 


i 
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directions of the principal axis of the Dullding, as given D 7 
a 
— 
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“chip 
a, (ec e Weight W.—The weight W of buildings shall include all dead load oe ie 
rE :) = 50% of the design live load for storage and warehouse floors, 25% of the aes = 
—— 
— 
— 


in which F, is the lateral level We is ‘the weight at level 
er 85 hz is the height of level z above the base ; and LU (w h) i is the summation of the 


ee 


in 
4 Parts of building 
in which F, is the lateral force on the part and in the direction under considera- 
tion; W,is the | weight of the part; and Cris ‘a coefficient selected from Table 4. 


TABLE 4.—Cozrricrents C, ror Use In Scr. 03(e)1 


| Exterior w walls and other nonresisting elements not otherwise } 0.20 is 

wits {Withee minimum | 

walls and partitions 1 of 5lbpersqft| 


Parapet walls, exterior and interior ornamentations direction 


horizontally 
Towers and tanks, including contents, chimneys, s smokestacks, an {Any 
= and,penthouses when connected to or part of a building Aa horizontally 
4 


The. distribution of these forces shall be to the gravity y loads 


ada 


taining for a ‘contemplated ‘dtherwies T shall be c: ‘calculated by 


nized methods assuming fixed base conditions, 

(6) Inall tower-supported : structures, such as elevated tanks, C. shall not be 


ton in the same manner buildings, Sect. 03(d). 


cag he V 
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— 
(aa ructed to withstand mir ined by 
» designed and constructed hall be determined by 
shall be designed uildings (Sect. 03) except that C 
— 
— ired value of C shall not be less . 
— in which the required valu 4 
— 
a 
= 
N 
4 18 normal operating live 3 
— 


Beer. 05.—DiIsTRIBUTION OF it 


The total horizontal shear at any horizontal plane shall be distributed to the Eke 
various resisting elements in proportion to rigidities. 
— provision n shall be made for horizontal torsional moments unless the _ : ae 
center of rigidity of the resisting structural units is coincident with the center ae ms 2 ee 
of of the vertical loads in the building or other structure. 
Sscr. 07.—Provisions Aainst OvERTURNING pads ‘Yad 


forces in the top buildings or the fo 120 ft of 
. fi tures, and the moments s shall be assumed to remain constant from these levels Fe: 


(a) Buildings with setbacks shall be designed by the methods previously — > ae 
specified in Sect. 03 except that, for purposes of determining the period 7’, the oe Ge 
coefficient C, and the base shear V, the height H shall be the average derived by 
dividing the area of the elevation of the building, a as projected on a plane parallel 7 
to the direction considered, by the base width 4 ag 
= i) (b) ‘Towers having a plan area less than 25% of the plan area of the lower oe , 
_ part of the building may be designed as separate structures for their own height, _ 


width, and weight. if In this case the resulting te total shear from the tower is to be 


we 


. 09. —Desicn ReQuirEMENTS 


"considered separately for its own height, width, and te? 


bine 
ae (a) Sree Frames. —The lateral force-resisting capacity of any moment- 
-- resisting structural frame may be deducted from the total required lateral force 
i to determine the required resistance of other lateral force-resisting elements, a 
, provided that such a frame has a resistance of at least 25% of the total lateral _ 
forces hereinbefore required, and provided that the building or structure as a 
whole shall be designed to resist a lateral force resulting from a coefficient c 
(b) High Buildings —In buildings higher than 135 ft a moment-resisting 
hate shall be provided, , designed to resist a lateral force ; resulting from a coeffi= 


cient to 0.01, or the wind in 02, whichever is the 

he «: For. combined stresses due to lateral loads caused by earthquakes or — 

a ard for the vertical design dead and live loads as defined elsewhere, the permissible 
unit stresses bi be increased one third, provided the section thus required is not 


' than that required for dead and live loads alone. vu For members carrying 
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due to ‘lateral by or wind the permissible 
unit stresses may be increased one third. vite tat 

z ‘ta 2. In foundations due consideration : shall be given to the capacity of the 4 
co soil under combined vertical and short time lateral loading, but any as 

shall not exceed 100% of the normal bearing value. 

ond Combined Azial and Bending Stresses in Columns.— PM 4 

Maximum allowable extreme fiber stress in columns at the intersection of 

a column with floor beams or girders, for combined axial and bending stresses, 
a 4 shall be the allowable bending stress for the material used. _ Within the center is 

_ one half of the unsupported length of the column, the combined axial and bead- 


in fei is s the fea’ i8 the allowable axial stress; foi is the bending 
and fa is the allowable bending stress. HST 
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‘SEISMIC GROUP ON AND WIND 


Lovin 


ay i RESEARCH _ ARCHITECTURAL INSTITUTE Or ‘JAPAN. 
a ‘Although Japan has experienced frequent violent earthquakes in the past) no ah 

seismograms useful to engineers have been obtained, except at the Earth- 
2 quake | Research Institute of Tokyo University, Tokyo, Japan, during the 1923 Be 6 


16a 


Kanto Earthquake. apanese engineers have been u unable to obtain the ne 
>’ essary support to establish and maintain strong-motion seismographs at the 


various meteorological stations throughout: Japan. 


iv" The proposal of the authors has shown the w way for theoretical determina- 
tion of the design coefficient by fully utilizing strong- motion seismograms. e It D 
‘is a remarkable achievement and deserves the highest praise. Seismic 
‘Research Group wishes to congratulate the authors for their contribution Ps 
and to express admiration for their ‘development of the dynamic method e 
5 Although there are no reliable strong-motion seismograms to use for definite . 


fre 


comparison, it is hoped that what data have been accumulated, together with — 
Japanese experience, will make this discussion useful. 
- | Effect of Soil Type. —The condition of the soil is considered to be tl the mos 
consideration of seismic TABLE 5.— Errect | OF om “Tyre 
force upon a building. Seismic Force 
A building founded 


suffers little damage 


unless it is very conerete 
ti tee] | and con- 
construc ion. Hight steel | crete block 
For hard | rock, the 


¢ design 


4 softer the possibility of dios bi Drsdone 
ae increases and differences that result from the use of differing con- a 
struction materials become visible. _ ‘The design coefficient may be varied be- 
cause of varying conditions of the nature of the site soil. K. Muto (see 
_ “Acknowledgment’”’) has proposed reduction percentages to be applied to the © 
2, ar "design coefficient for the various values of soil bearing capacity. re Table 5 es: 
the proposed reduction values es which soon will be adopted into the Japanese 
ao a ad According to surveys made by R. Tanahashi and others on damages caused 
by past violent earthquakes, ordinary wooden buildings with heavy roof 


traming members and tile are cortain to. built uy upon 
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SEISMIC GROUP ON BARTHQUAKE AND WIND. 
This is true unless such structures are designed for an ultimate design coefficient _ 4 i 
; a not less than 0.3g to 04g. W ithin the area of violent earthquake motions, 4 


damage rate to wooden buildings i is usually very and of 
_ The average natural period of these ® wooden buildings is around 0.5 sec within _ 


athe et 
The damage e surveys on concrete with or without 
M ot structural steel composite reinforcing, after the Kanto Earthquake of Septem- 
ber, 1923, reveal that the over-all damage tate (including all minor cracking) a. 
eX ac “was least for buildings situated on the soft soil in the downtown (Marunouchi) 
ed, area of Tokyo. However, recent extensive surveys conducted by T. Kitazawa 
on all damage reports submitted for this earthquake shows that, when the 
- damage rate is compared on the basis of damage to main structural members, a 
_ the buildings located.upon the downtown soft soil areas suffered considerably — : 
more than did those located on the uptown (Hongo) intermediate soil areas 
of Tokyo. - Hard and intermediate soils are much more preferred for this type _ 


‘TABLE 6.— —Prniop oF IN Totro, Japan ab 


Drrection 


‘Easr-Weer Direction 


in feet lwidth b, —|width 8, 

| in feet | Actual, Ta is x in feet 
Normal Normal | 1923¢_ 
| 0.67 330 (0.71 1,18° 


al 


ig 


4 


| 


1 
0.69 | 0.90 0.77 | 0.80 
1.30 36 (0. 1.20 


aa Period after the September, 1923, earthquake. * Computed values of 7. using Eq. 9b. ¢ Prior to 
the earthquake of April, 1922, the periods were 0.87 east-west and 0.94 north-south. ‘ec cant. aici 


Small earthquakes produce more damage on stone or masonry structures 

a” on hard soil than on soft soil. However, violent earthquakes usually inflict or 

: . severe damage on this type of structure even though it is built on soft soil. 
_ There are some notable exceptions to this general observation but generally i 


the » softer soils are the safest for this type of construction. 

_ Effect of Period—In Japan, buildings with a natural period of about 1 sec ~* & 

are considered as having : a critical period when built upon | soft soils. The aa 

a damage to buildings i in the downtown soft soil area of Tokyo in the 1923 Kanto $5 

Earthquake was greatest to those buildings having a natural period of about — 5 

1 sec. Table 6 has been compiled to give comparative information on a 

a measured natural periods of several buildings in this soft soil area with the 4 a 
7 value calculated using the authors’ | 
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a Tokyo Ka 036 
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of the formula i is much shorter the measured Sea 
~ Vibration: tests on full-size and half-size test structures have confirmed x 
conclusively the fact, already observed previously, that a structure’s natural a. 
ei period of vibration changes in an earthquake. _ The natural period, even in 
Se, an undamaged structure, elongates when subject to the larger amplitudes 2 and — 


| 
a & 


13. —Lanae ‘Vipration Guwanatos 
Institute, has been conducting statical and vibrational tests on spe secially’ built 
gd full-size and half-size test structures. | _The Committee used a specially con- 
structed large vibration | generator (Fig. 13) on six types of structures 
_ succeeded in attaining accelerations as — as 0.4 g to 0.7 g at the roof slab 


portion of the test dete i is given in Initial vibration tests we 

-- made with a vibrator that had the following characteristics: 4 vertical eccentric 
disks were used having a total weight of 46 kg, maximum eccentric distance of A 
11 em powered by a 2-hp electric motor and exerting a maximum force of m3 
* tons at 15 rps. The inal: vihsietion: tents were made with the larger 


“on ‘rotating art arm 90 cm in length powered bya ll a 10-hp electric mot 
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and force of 10 tons at 5 rps 100% dui 
The final observed periods using the | large vibrator are compared i in Table 7 
with the initial periods that were observed using the small vibrator. 
periods of vibration in two mutually perpendicular directions and corresponding * 
accelerations measured at the top. and bottom of the buildings at are tabulated. 


> te observed periods i in the final tests showed the ona clonigjition 


masonr 


the buildings | in the test program had a fairly 
ratio, and the tests on each structure were repeated several times. This 
: - accounts for predominant soil effects, especially tilting. However, it must cS 
remembered that the soil was good intermediate soil. 


ag 


j 
ty: oF 


; 

13 by 20 

concrete block® __ 12 by 18 

concrete blocks 


infore: 


reinforced concrete | 13 by 13 2 205 0.256 


a 4 ___ ® Hollow concrete block 18 in. X 19 in. X 6.7 or 8 in., using vertical and horizontal reinforcement. 
aa 16 in. X 8 in. X 8 in. using vertical reinforcement. 2 Brick 8 in. X 4 in. X 2 in. without reinforcement. 


= most Japanese sciemologiata recognize for intermediate soil 


caused by the short period element of the ground ‘This with 
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_ period of the soft soil i in the downtown Tokyo area is 0.6 sec, and the secanita 
After the 1923 Kanto Earthquake, the Imperial Damage Committee headed 
. by R. Sano debated earnestly and at length as to the advisability of using the Saezt 
—— periods as the basis for the design of structures in this area. If the eo 
prevailing period plays an important part in contributing to di damage at they 
resonant stage, it was then 1 argued that the buildings i in this area were » subjected 
ri to the most unfavorable conditions. However, numerous important buildings _ 
hae _ with natural periods very close to ‘the primary period of this area were = 
- damaged in the least. t One of these was the Nippon Kogyo Bank Building, a 
& designed by T. Naito, that stands as a contradictory manifestation to any © 
such theory. Other factors against the use of prevailing periods were the 
knowledge that the natural period of the soil | may - elongate and \ vary eet ll 
violent earthquakes and the known difficulty of transmission of free vibration i 
J periods from the soft soil to the building. The adoption of period considera- 
tion o practical design was, therefore, abandoned. There be s some 
definite law, however, that governs all cases concerning hard soils. 


Acceleration Spectrum.—The standard acceleration spectrum proposed by 


the authors in the section on “Earthquake Forces” has been commented on ‘= 
by interested engineers in Japan. Mr. Sano states that the period of maximum — - 


| N-S | EW | N-S | EW 
ay | az | as | epee 

0.039 0.046 0.325 0.171 0.110 0.810. | 0.404 t 


0.115 206 | 0.154 0.008 0.302 | Moderate cracks 
0.009 lea | 0.131 | 0.439 0505 | Large ecracks 


0. 0.245 0.180 0.725 No damag 


100° 


te blest 36 in. X 36 in. X 3 or 6 in., using vertical and horizontal reinforcement. 6 
_ Reinforced concrete floors. 


round acceleration chosen (0. 25 sec) seems to be too small based on past 


apanese earthquake experience. Accounting for all soil factors, he believes 
a period of about 0.50 sec is more reasonable as an over-all period. _S. Ban aaa 

Ft ews that a large acceleration with a larger period is } especially critical but ts 


is not by the spectrum. T. feels that the 
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for minor earthquake response had its peak at 0. 2 sec, K. Kanai ‘notes nal : 
aa s spectrum for the El Centro Earthquake has its peak at 0.25 sec. e yi 
if the El Centro seismogram is analyzed by Mr. Ishimoto’s method, the pre- — 4 
dominant period is found be exactly 0.25 sec. Judging from Japanese 
experience the predominant period becomes longer the more the earthquake — a 
intensity increases and the peak period can be expected to shift to the right to xj 
a larger value during high 1 intensity earthquakes. Mr. Naito co comments that 
the El Centro seismogram plays the key role in preparing this s spectrum and ed | 


influencing the authors’ proposal. The El Centro record can be typicalonly if 


| 


a e086 _ all earthquakes and all soil conditions are similar, which cannot be expected. , = 

Mr Muto states that the ‘spectrum (Fig. _ 5) applies to perfectly elastic 
structures. It is necessary, therefore, before application for design use to 
_ make an adequate correction to the curve for damping. This would decrease ~ 7 
a and round out the peak values of the curve, decrease the rate of reduction, and — 


_ inerease the values for the larger periods. _ Messrs. Naito and Taniguchi have - ¥ 


mode only. It is very probable that for many of the tall, ‘slender 
buildings i in the United States, the second mode of vibration is the most effec- a 
y _ tive and the additive effect of the first and second modes should be considered. aia 


Based on the that at least ‘the ‘second mode of vibration should be vat 


results show that, in the case of the combined first and ‘second modes, meme 
4 4 imately 10% excess of the total base shear may occur. This s seems to be well S 1 
within the allowable excess for practical design. __ 


a ss: Lateral Force Coefficients —The value of the proposed | lateral force coefficient 
Chas also | aroused Japanese comment. Past damage surveys and records 
a ; _ indicate that on low, simple buildings force coefficients of not less than 0.2 


were experienced in moderately severe earthquakes. Almost universal agree- 


4 <¥ ment was reached on the necessity for the reduction of the seismic force for 2 
iq a Res, Mr. Sano stated that, although there may be some dispute for overall ee | 


areas, such values as proposed by the authors seem to be acceptable for the E 
Western United States. - However, he does not believe that the formula Wy 
readily applicable to all buildings of intermediate period, say, 0. 25 to 0.75 sec. ee 


Oo 
= 
Eh 
+ & 


or Messrs. Ban and Taniguchi comment that it is question- 
“able whether the selection of ( 02 as | as the 1 minimum v value of without 


a based on the fact that many buildings with less calculated resistance than thie 
were undamaged in past major earthquakes. — What were the measured resist- fj 
ances of these same buildings in any building the 
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: only | sure way of iadiae the actual resistance is by measurement during an 
earthquake. Mr. Kanai believes that the strong-motion seismograms should 


we - without considering the damping nature of the particular building makes for a 
incomplete cycle. Low, flexible buildings, in in which the danger of phase 


Uc 


exists, the possibility of reversal with an increase in the rate of prema 


* Messrs. Tanahashi and Ishizaki note that the magnitude of seismic force is 7 
. not always proportional to the mass but rather theoretically proportional to the — z 


square root of the mass. Statistical studies of damage data prove this state- _ a 
; ment. Accordingly, if an appropriate design seismic coefficient is determined — : 
for heavy reinforced construction, it may be unsafe for lighter structures 
having the same natural period of vibration, 
i ww. Distribution of Base Shear.—The proposed distribution of base shear has’ 
evoked: comment in Japan, s some of which is reported here. General a agreement 
; 7 has been shown with the proposed triangular distribution. Some disagreement ke 
occurs i in regard to the application to tall slender buildings, and Mr. Sano feels 
tim _ that the adoption of triangular distribution of the total shear may be excessively _ 
s. on the safe side. Mr. Naito notes that, when the building has basement ee 
floors, the nature of the soil may affect the vibrational characteristics of the a ce 
building; and the distribution of the base shear may become different from 
those buildings without basements. However, Mr. Ban agrees with the pro- oid m 
; posed. method of shear distribution over the building. Mr. Otsuki holds that — ae : 
. actual ground motion includes components of all periods. Every com- 


ponent has a definite number of frequencies; hence even an an undamped system Ate 4 
x _ would never come to resonance with any of these components. This is the ag 
meaning of the frequency spectrum. ‘However, every structure is loaded 
- critically only ¥ when it is shaken by the component of the resonant period. 
As far as this holds, the proposed triangular distribution works satis- As 
_ Mr. Muto and Mr. Umemura, as a result of study. on lateral force distribu» 
tion with the higher modes, find the triangular distribution to be insufficient _ 
+ especially when the period relation is such that tl the secondary mode i is deeply — 


=. excited. ‘Ince certain cases it becomes 3 necessary for the loading at the top story, 
as found by triangular distribution, to be increased by 20%. In ordinary 
buildings, foundations cannot be considered to be fixed perfectly. 


foundation rotation. In the case of the secondary mode tends 
_ occupy a more ‘prominent role relative to the case of a fixed a 
- he base shear is distributed best in some cases triangularly, in some cases 
q uniformly, and in some cases in reverse directions for the lower and upper 
ey 
a ™ When: a structure having a comparatively long period i is shaken by rapidly 
alternating violent accelerations with a large number of the shear 


oS , exact approach than the use of engineering judgment only. Y. Otsuki feels _ 
that use of the vibrational period of a building to determine its force coefficient _ 
e 
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distribution would be X- -type. | The initial of the triangular method 


v could be made by u utilizing good average values for ground coefficient, Cy, the ‘a 


the base shear found for the second mode, C2. ‘Fig. 14 shows the development 


of the final line of distribution. © Although not a simple operation, it wera 
eliminate the necessity for a separate consideration of the overturning moment. 


a 3 base shear found by the authors’ proposal for the fundamental mode, C; and 


7 al cessive ond provision for its consideration is necessary. — 
X-type distribution reserves more shear for the wpper 
stories than does triangular distribution. It uses the 


iia within a reasonable range as compared wi with the design 


Bi. ee Determination of Period. —The natural period of 


"proposal represents ‘the period simply by: a 
ine that depends entirely on the building’ geometry, 

e ae although the measured data vary widely. Japanese se engineers have expressed 
some: disagreement. with determinining the C value solely on this basis. For 
instance, Mr. Naito states that the determination of the period formula based 
on the data contained i in Fig. 8 is sound. _ However, if these data were assembled — 

 frora the results of small acceleration vibration tests, the data should be modified 
Erg. for larger accelerations, such as are measured in a severe earthquake. K. 
7. Takeyama notes that the | proposed formula gives results that coincide with ia 
test data obtained from small vibration tests conducted on numerous buildings - 2 
oy the Building Research Institute of the Construction Ministry. However, 
_ he questions the feasibility of direct adoption of this period for use with Fig. a 
Increase of Allowable Unit Stresses.—Japanese building codes divide the = | 
allowable unit stresses into two catagories: Long-time or permanent loads 
= load and live load) and short-time or temporary loads. _ The allow- — 
able t unit stresses for long-time loadings ar are increased for the. short-time load- 2 
ings | by | the ratio of | 2 for wood and concrete, and 1.5 for steel. The pro- : 
osal follows the current American practice of allowing a an ‘increase of 333% 
. for combined loading stresses. However, the Japanese engineers are convinced q 
a that a a well- -balanced design will be achieved by further i increasing: the allowable 


stresses for combined loading together with the increase of the so- >-called load 


Summary .—The authors’ proposal is based quite conclusively upon an over- 


_ all basis period of ground motion of 0. 25 s¢ sec. cf Seismological records in Japan 
7? indicate that the basic natural periods of ground motion have about the follow- 4 
ing values: 0. sec for rock, 0. 38 sec for intermediate soils, and about 0. 6 sec 
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some basic difference between earthquake wave motions in the United States 
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GROUP ON EARTHQUAKE AND 
i in Geologically, however, there is no ‘sound basis for con- 
a The Japanese records, indicating a basic natural period of 0.3 see for im 
- termediate soils, show close agreement with the 0.25 sec for the basic natural — f° 
period of earthquake motion in the El Centro area. The evident similarity — 
of these ) two periods ‘suggests El Centro soil i is in the class of intermediate soils. 
If this is true, it shows the obvious need for special consideration in the soft oe 


: basic natural period can be expected — between any two soft b 


quake varies. Adding to this. effect the fact a building’ s natural pe period 

of vibration varies with the intensity of mation complicates the 

ee. it were possible i in : any y soft s soil area to fix ‘email 4 a basic period of ground pet 


= strata, foundation rotation, and energy dissipation. 


_ It can be argued that, since a building « on soft soil does 1 not | have the ee 
: elastic reaction to the ground ‘motion as a building ‘on hard soil, | the energy a 
Be transmitted to the building is reduced, thereby okviating the need for any 


special consideration. py Other factors indicate a reason for not accepting this a 


argument i in its. entirety. . Itis now accepted generally i in Japan that the pos 
- sibility of damage to main structural members of reinforced concrete buildings © a - 
< a7 ina violent earthquake is greater for buildings on soft soils than on hard soils. ™ 
te B®. Butler believes, therefore, that during some period of the violent distor- 
a tional wave motion, the building, even though located on soft soils, is subjected. f i 
to large accelerations and displacements. He believes this happens during the 
a first few | cycle s of « distortional wave motion. At this: time the soil, before 
failure, must elastically. _ The energy rate to the building 
is at a maximum, and the energy dissipation rate from the building is at - 


4 Not all buildings i in the Marunouchi area reacted i in this way to the 1923 
earthquake. were undamaged. It is to be noted that ‘the Nippon 
Kogyo Building was one of the ir went buildings and that it was designed 
for an acceleration of 1/15g. The ground acceleration was several times this 
value. However, the excellence of the details and construction a and the location 
of seismic bearing walls gives this building a balance and strength that would 
i... no doubt indicate a measured capacity of resistance many times this force ‘ RE 
| addition to the occurrence of a longer basic natural period of ground 
tion, the initial tendency of the building to react with the ground ‘motion 
- suggests that the period and the magnitude of the C values must be increased oa 
use for buildings : on soft soils. 


= Japanese engineers: are unanimous in in expressing their warmest praise 
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BINDER ON EARTHQUAKE AND WIND 
a, the treatment ofa a building so that it will better resist dynamic lateral ml a 
z moee It is believed the authors’ proposal is ideal for structures on hard and inter- * 
a a0) 9 ‘mediate soils and is the most economical that can be devised. ‘The e problem of 


ps - estimating the amount of reactive lateral force for important buildings on 
soft soils appears to be a matter in which factors other than the period of nwt 
can be of fundamental | importance. ows 


tute of Japan comprises the following members: M. Kobayashi and T. Tani 
—_= of the Tokyo Institute of Technology; K. Muto, R. Sano, K. Kanai, 
and H. Umemura of Tokyo University; T. Naito of Waseda University i in _ = 
a Tokyo; 8S. Ban of Tokyo University; and K. Takeyama of the Ministry of a 

- Construction for Japan. Y. Otsuki ‘Serves as translator for the group and 
‘Revsen W. BINDER,” A. M. ASCE. —This well-organized, clear, and 
i conclee paper is an outstanding contribution, covering the many phases of engi- | 


_ neering seismology involved in the development of a a lateral fc force code. BVO ROR _ 
authors have worked into usable form the concept presented by 


Biot in a paper (63a)! on engineering seismology. Biot stated 
“Spectrum curves presented herein indicate that the effectivences of =] 
an earthquake is inversely proportional (roughly) to the period, so 2 
_ increasing the period means an increase in safety. Application of the 
~ methods developed i in this paper should be helpful as a guide in extending — 
safety rules and interpreting earthquake data. 


ne an earlier paper (43), Mr. Biot cautioned that 


ty 


‘it is that a af should be used as a 

_ spectrum in that region. Further investigation is needed to establish such 
me reliable spectrum envelopes and correct them for the influence of the damp- ;, 
ing and other causes of stress reduction.” Brown bin 


The) writer believes that the authors of the paper fully realize that their con 


a information collected to date hes been furnished by the Seismological Division . f 
9 of the United States Coast and Geodetic Survey (USCGS). . Too much em 2/5 | 
phasis cannot be placed on the e importance of the ‘Survey's 8 continued activity 


ss arguments concerning their proposals will be centered around these factors: 2 
_ (1) The method used too btain the period of the structure; (2) the character of - 
v. ie the expected ground motion; (3) the elastic and damping properties of the 
structure; and (4) the duration and random character of the earthquake. 
1 Depending on the supposition made, almost any kind of a case can be built up 
with endless discussion resulting. Nevertheless, the materials have been pre- 


Engr., Fabricated Constr., Bethlehem Pacific Coast Steel Corp., Los fags. | Calif. 
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sented i in a manner as form a valuable It is apparent 
that the authors make no special claims for the proposals they have presented me 
in the section on “Dynamic Approach to Earthquake Forces” because se they | 
ngs ee behavior of structures in earthquakes has generally been recog- 
nized as a dynamic vibration phenomenon of a transient nature. 


a rigorous solutions are possible for particular ground motions applied to 
bah particular structures, these solutions are too involved and of too limited. or 

_ significance to be of direct value to the structural engineer. The more - we 
rigorous methods, however, should be encouraged ito 


toward Jess rigorous but more practicable methods.” 


When, in n addition, consideration is given to the authors’ recommendations for 


future study and accumulation of data, it is thas the that they 


x a it is stated that previous codes do not account for the acide character- 
mali that determine how structures respond to earthquake ground motion and 

that advances in scientific knowledge have not been reflected i in current building | ae 
— codes. The Los Angeles City Code requires that 8 the lateral force on buildings 
i 


_ in which F is the lateral force on the part and in the a Oe under considers-. 
tion, and N is the- number of stories above the story under consideration. _ The 
_ factor F is applied to the summation of all required loads above the story 
under consideration. Prior to the establishment of this formula considerable 


analytical and experimental work, sponsored by the Los Angeles County De 
Technol, of Building and Safety and undertaken by the California Institute of 


a 


a ula of Eq. 13, while admittedly empirical, incorporated the use of ible 
_ acceleration coefficients and shear distribution based on n equivalent acceleration. a 
Ins adopting this formula, recognition wa was given to the seismic ¢ coefficient, , shear a 
_ envelope (effect of various modes), and the evidence of observed damage, as red 
% well as to the influence of damping and other r causes | of stress reduction. eis Soe ee 4 
the City of Los Angeles has a height limiting buildings 150 ft, the 


turea,. The that one of the important contributions of 
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Safety Department and pointed the way to replacing the use of a 
acceleration curve with one based on equivalent acceleration, which cou d{ 
— 
y 
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4 


0 on “BARTHQUAKE WIND 5, 
Fig. ig. 7 the for uniform weight per r unit 
various existing codes. Fig. 15 shows the effect of varying the mass at the 
Lae various floor levels for one height of building and may be helpful for comparison — 
purposes. It is interesting to note that the late Leon Nishkian, M. ASCE, in 
_ an unpublished paper presented to the Seismological Society of America uw pd | 
ag 1936, suggested that a triangular distribution be used for the lower two > thirds ] 
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a thumb basis, to be from one tenth to one twentieth per second. "he 16 of this ‘a 

was prepare answers to the several formulas proposed 
by theauthors. It may be of use for checking quickly previously made assump- i Py 

tions, or results obtained by calculations or experimentation with the empirical — Bs 

dItis interesting to note. that the authors were unanimous in their selection 
of C = 0.06 as the maximum base coefficient for buildings and of C = 0.02 as — a a 


a minimum base coefficient. It should be noted also that the weight use - a ; 
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= lated but unfortunately they cannot be quantitative. Although the observa- - 
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the live load. Obviously, the authors in selecting these took into 


‘The writer considers that, in n general, on the basis of the present’ information, * 


the authors have taken a sound position in not establishing variable values for — 


+ at the resistance to be carried by the other elements, the authors, in the writer’ 8 a ee: F 
opinion, have shown considerable en engineering courage and pointed the way to fi 
For the important consideration of overturning moment the authors’ recom- 
<= mendation is noted with interest. It has been observed by the writer that some 
- designers, although using equivalent acceleration for the design of the structure _ 
itself, use uniform acceleration for design i in connection with the foundations. __ 
The authors’ statement regarding damage to structures (in the section on pl 
Barthquake History’) deserves careful attention. It is in essence an obser- 
vation that places emphasis on the importance of: pads 
dL. The provision that inertia forces s should k be distributed in accordance with 
Probable high concentrations that may occur anywhere within a 
"From observation of earthquake damage, important general rules may be formu- a 


tion of earthquake damage furnishes a significant yardstick, it should be remem- ; 


observation of earthquake damage. Usually damage has been observed 
on structures that have not been designed for seismic forces and in which little | 
or no provision has been made for lateral forces. It should be noted that 
_ observed damage, i in general, was on box-like structures; there has been little 
or no experience with earthquake damage i in connection with what is known as 
) modern architecture. The importance of considering special rules for seismic — 
design in connection with so-called modern architecture deserves considerable 
The authors call attention to the need of clarification for combined; axial and 
- bending stresses in columns. 1 It should be mentioned that considerable work — 
on this subject has been accomplished by the Column Research Council of the 
_ Engineering Foundation and it is hoped that i in the ‘near future some of the 
findings m may be crystallized into design rules. 
- ‘Since ‘this s excellent presentation might well Serve as standard reference on 
the ‘subject of earthquake provisions, the writer suggests that the 


extend the bibliography given int in the ‘Paper. 
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13M. ASCE, G. Hovenz ER,“ A. M. ASCE, AND L. 
—The subject of the paper is of interest to engineers in many parts 
the world. The problem < of earthquake- -resistant design is of particular 
concern in western portions of North and South America, Japan, Australia, 
‘Italy, Greece, Turkey, and portions of India and China. The paper recom- 


design values for lateral forces that differ from those specified in the 


arises as to whether the differences are justifiable; that is, are the recommenda 
presented in the paper the best earthquake- e-design provisions? The 
-__ guthors, in their paper, present some arguments, data, and analysis on which "y “i 
ss they base their recommendations, but in some instances these are faulty and = 
ie - invalidate the conclusions. The general problem of earthquake analysis and is 
design i is very complex, and the problem is too involved to be treated satisfac- __ 
_ torily in a short discussion, so these remarks are limited to pointing out what 
appear to to be shortcomings in the authors’ analysis of the problem. ann) 
The conclusions of the paper are based in large part upon the so-called 2 
4 ‘standard spectrum curves,” ‘shown in Fig. 5. As the authors state, these AS 
actually show accelerations that are too large to be reconciled with 


observed earthquake damage. Therefore, one would that some per- 
; 


‘ o 2 tinent factor has been overlooked in the preparation of the curves. The 3 
_ writers have recently completed a research study. sponsored by the Office of © oer. 
Naval Research, in which some 80 spectrum curves have been calculated from 
_ 28 strong-motion seismograph records that were specially prepared by the 
USCGS. _ These curves: were calculated with various amounts of damping; 
we and ty pical sets of curves for horizontal components of strong earthquakes — 
a are shown in Fig. 17. It will be seen that the spectrum curves for zero damp-_ 
>. _ ing agree with the standard spectrum curves of ‘Fig. 5 if the sharp peaks — 
-_— are smoothed out. bi In fact, referring to the original publications it is found 4 


that these spectrum curves were calculated for zero damping, and the sharp 
peaks were smoothed out to obtain: the so- ~called standard spectrum curves. ¢ 
-% Comparison of Biot’s original « curves with those of the writers’ indicates that 
the former’s results were subject to approximately 1% of critical damping. a * 
From Fig. 18 it can be seen that with as little as 27% of critical damping the 
spectrum curve is much: reduced and that with 10% of critical 
: q the spectrum has a shape very different from that of the zero-damping curve. q 
a In a test program sponsored by the Earthquake Engineering Research In- + 
wa stitute, the damping in a four-story, monolithic, reinforced concrete == 7 
was measured and was found to be 7. 5% of critical damping (70) ae 4 
“ti probably is in the lowest range for damping i in ordinary buildings, and those 
that are not monolithic undoubtedly shave greater damping. For example, 
by concrete frame building with tile filler walls was found to have approxi- 
‘mately 14% of critical damping (52a). ith these amounts damping, 
- maximum accelerations exhibited by the spectrum curve are much reduced 
those given by the zero-damping curve It is indicated, therefore, that 4 
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damping is an important factor in the response of riser to apes ll 


damped spectrum and i is not correct for structures wi with damping. ., 
2 ‘The authors state that there : are dominating periods i in the range 0. 1 to 
0.3 sec, but it is shown in Fig. 18 that when damping is taken i into account, it = 
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»- The authors assert that it is reasonable to assume the motion of the average ae ‘a a 
building as 50% shear deflection and 50% bending deflection, which gives them 
a straight-line shear distribution. This, however, does not agree with expe- 2 
rience. If buildings move with shear deflection, the fundamental periods of 
on proportional to the height, whereas if the deflections are in — 


_ bending, , the periods vary as the square of the height. - On the basis of aad “ 
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ion experince indicates that ‘the average building moves essentially with | 


tions on building periods, which they con conclude vary as the height. 
_ The assertion is made that only the first mode of vibration need be taken — 
account, and the recommendations are based upon this. Itis stated that 
a the higher modes have greater damping than the first mode and hence are 
quickly damped out. _ Experiments do not confirm this. In the aforemen- “a 
tioned building test of a 40-ft-wide four-story, reinforced concrete building,  * 
og vibrations were induced with a maximum acceleration of 8% | gravity. It was 
found that the damping of the second mode was only slightly greater than 
_ that of the first, being 8.0% of critical for the second and 7.5% for the first. A 
5 The period ¢ of tl the fundamental mode in these tests was 0.4 sec, and the period © . ; 


& appreciable bending deformation. This is borne out by the authors’ As 


a of the second mode was 0.2 sec. It is the opinion n of the writers that modes of — 
_ vibration higher than the first should not be arbitrarily disregarded. In fact, ne 
“g the example presented by the authors i in Fig. 10, which was intended to show | 
that the second and third modes ean be disregarded, actually proves the 
. opposite. If the first three modes are excited to the extent shown in Fig. 1, 
the shear at any point in the structure is the sum of the shears of each mode. _ 
% During an earthquake the phase angles between the modes are not constant, — » 
_ so that sometimes the shears will reinforce each other, and the maximum shear 
4 will be the sum of the absolute values of the shears of the three modes. If these 4 7% 
maximum shears | are added up at each point: along the height, ‘there will be — 
7 s obtained a maximum shear diagram that is much different in shape from the. 
* a i shear of the first mode only. So, it is clear that for very small damping, which = 
- is the only ¢ case studied b by the authors, the e higher modes are important. Iti > a 
‘’ the opinion of the writers that the question of the shear distribution and the a 
effect of higher modes must be answered on the basis of a much more thorough © " 
analysis than is presented in the paper. 
‘hee The method of estimating g building periods proposed by the seems 
to be too crude for its proposed application. As shown by Fig. 8, the estimation l * a 
of periods has errors as high as 1007. ‘a ‘It does not appear proper | to use a — 2 
_ method of design that is sensitive to the period ‘and then use such a crude > 
method of estimating the period. For example, using Fig. 8 to obtain the i 
period of a building in which H?/b = 75, there is obtained T = 0.4 sec. From +7 
Fg. ‘11 the lateral force | coefficient is 3.7% | of gravity, but from Fig. 8 it is 4 
seen that actual buildings (in which H*/b = 75) have periods ranging from 
0.22 to 1.2 and according to Fig. 11 should be designed for lateral force coeffi- 4 : 
The recommendation in this paper for magnitude of lateral force coefficients @ 


r does not seem to be well founded. Aside from the fact that the derivation of — 
_ the curve shown in Fig. 11 is faulty, as explained previously, the magnitudes of F 
the coefficients s seem too low. _ For example, according to this recommendation — a 


a aa has 8 been fo found that typical fiy five-story buildings have periods of the - order of 0.5 a 
ace = sec. Of course, the proper oper design values cannot be accurately determined — a 
until more experience is gained with strong earthquakes, but the concensus — a. 
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and Japan is that mag 
of five-story building should be of the order of 10% gravity rather than under 3%. 
It is also clear that following the authors’ proposals would permit flexible — 
a ‘so’that buildings over four stories in height would need to be poi 
Ee for only 2% gravity if desired. In fact, the proposals s are practically equivalent — i 
to saying that the majority of ordinary buildings over five stories in sight a 
a). need be designed for wind only as regards their structural frame and that the — i 
earthquake forces can be neglected. This would be a very ‘marked reduction 
from design requirements in force in regions of high seismic activity. = 
. _ The authors 3 state that th the rotation of a building on its base, that is, founda- te — 
- tio on . yielding, has a very considerable effect upon the period of vibration of a I (a 
4 building and reduces" the dynamic shears. It is true that if appreciable ie 
” foundation yielding does occur, it will affect the vibration of a building; but a 
the: writers’ knowledge there exist no reliable data that. show that, for 
actual buildings of average type, the amount of foundation ‘yielding that 


- does oceur has an appreciable effect on the period or on the pn of shear. 


ground, quite independent of the fact that it is actually supported on top of a 
; a building. . Iti is certain that this is erroneous, for the motion of t the top | of aq) J é 

building is not at all similar to the motion of the ground during an 
. The actual motion of the top of a building during an earthquake is essentially : a a : 


‘modes of vibration. It follows that a relatively light structure set on n top . of a 
the building is subjected essentially to a harmonic forced vibration. The most % 
‘important point involved is that the superimposed s structure b be designed s« so that hat 
_ Because of the points brought out in the preceding comments, the writers a 
are not in agreement with the arguments and conclusions presented in the ~ 
“Paper. It is their opinion that the authors extended their remarks and co 
/— dlusions to cover more than was justified by the amount of data and analysis ig 
- that was at their disposal. It is also the opinion of the writers that all points ¥ 
P earthquake-resistant ‘design’ that cannot be established on the basis of 
empirical data or incontrovertible analysis should be treated 


composed of simple harmonic components with periods the same as the lower 


caution and that the design should be on the conservative iveside. 
Guna" anp Gurpas Ram”.— —In designing for lateral forces, such 
as ‘seismic ‘movements, codes have been developed mostly on ‘static, rather 


tive of the true situation in effect during an actual earthquake; and it never 
permits taking into account the various factors involved in such a . rapidly 

It is true that considerable field and laboratory data concerning earthquakes 


_ have been assembled in the past century; but there is still an acute need for a 
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the types of complex ground motions associated with destructive 
¥ a> shocks. The dynamical theory ordinarily developed o on the basis of sustained ss 


and simple harmonic motion of fhe ground is not considered sufficient to . 


take into account all the hazards that arise during an earthquake. Figs. 
4 show the extreme complexity of the ground motion near the’ destructive 
-gones, and it is realized that, at greater distances from the epicentral region, 
these complexities would be simplified as as the very high frequency oscillations 
become dampened and the remaining waves become lengthened. OA structure 3 


can naturally withstand a smooth and sustained vibration better than it can 
.. withstand the complex nonsystematic ¢ oscillations depicted in Figs. 3 and 4. fal 

Bo It is also necessary to know the prevalent seismic spectrum of a a rone— - 
depending mostly on the geology of the region. Such a spectrum, for California, ! ¥ 
was prepared by Beno Gutenberg, et al (52), from analyses of a large number > - 


of seismograms of different observatories. In design, this regional influence a 3 
=f 


1 


2 


a 
=) 


— the applied, actual seismic spectrum should also be incorporated because 
a5 different regions may react to produce widely different seismic spectrums. _ 
‘The seismic damage to structures described in this paper has not been A 
spree to the prevailing g geology of the region yn, although the importance of = 
Benne correction has been emphasized, in a general way. It is quite possible k 
that a consolidated foundation would reduce the seismic intensity, and 


= sequently the damage. The he detailed isoseismal study of the 1906 earthquake 


~ 


Syun’ tira” Omote (71) and others have studied the | effect: of geology on 
a ¥ damage rate in great detail and have concluded that the « depth of overburden — 
has a predominant effect. In the case of soil, they found that the damage rate 
increases with of alluvium, reaching a critical value at 35 m (115 i). 


= 


of about 6 m (20 ft). It is possible that the existence of critical values during 
_ seismic m movements signifies the presence of some kind of resonant vibration - - 
in the ov rerburden layer (at a ‘critical depth). Although Mr. Omote’s study 
was limited to wooden structures, the gional conclusions apply to other sat 

4 _ There has been a distinct difference in the damage sustained by structures 4 

_ with and without frames, especially steel frames. Possibly, such —— 4 
are due to the dynamic characteristics of the framing . Itis possible that the =| 
_ dynamic characteristics of the filler walls, masonry or concrete, are obscured by 9 : 
hove of the framing during transit vibrations, with the frame responding — 
- much more quickly than the filler wall material. Of course, a complete | 
| dynamic analysis can be made only when the elastic properties and the bond — a 
between the filler walls and the frame is known. _ These factors determine a 
—~ dynamic behavior and the potential damage to a structure during a 4 
transient vibration. The difference in damage with and without the frame 3 
a can be systematized or assessed only when the foregoing properties 3 of building 7 

“al eae It is also possible that the filler walls in a framed structure act simply a 

‘as loads on the framing during vibration. This assumption ignores the 
x existence: of the wall material even as a weakly pasticgntns element working — = 
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the frame. The record of framed structures during 
a both i in the United States and in Japan, argues for the tenability of this con- = 


cept especially for the transient impulses of an earthquake. — ‘However, for 
sustained and harmonic vibration, it is likely that the filler walls may ctaly 
contribute something to the resistance of a structure. 
83 During an earthquake, a masonry or concrete structure with a steel frame i 
is: expected to respond in a manner completely different from that of a 
structure without framing . The slow reaction of masonry material in 
a : structure is due to the quick transmission and r response of the elastic 
energy by the framing material, especially steel. This difference in behavior — en 
general” design | analysis, the base of the building is ‘assumed to = 
dees but Kiyoshi Kanai observed (72) that they act as clamped bases in . 
the relatively longer vibration period a and as s hinged bases in the shorter periods. 
™ the foregoing dynamical picture envisaged for a a building may: need to be ; 
- changed, considering the applied frequency of the seismic waves. In the 
ms hinged condition, the reception and transmission | of the waves will not be 
similar to that prevailing i in a clamped state. . The authors have not considered, 
_ insufficient detail, the effect on the dynamic design of diverse seismic sesame, 


In any appraisal of seismic damage, it is suggested that proper attention be 


spectrum m may actuate the structure in one direction it 
a fail to do so rationally in the other direction, depending on the natural fre- — 
quencies in the respective directions, and on the degree of interaction between | 
_ the two. In. an asymmetric system, rotation and translation are each induced - 
by a translatory ground motion. The rotation is caused by the interaction 
of a structure in its several planes, caused by asymmetry. Generally, the 


motion along one axis is accompanied by motions along the remaining two 


co-ordinate axes. Thus, the direction of the ground motion wah respect to 


: the structure plays a dominant ‘part in its response. Of course, for or design — 


purposes, one must app termining the m maximum 


a given structure under the seismicity that is prevalent in the region, a 
distortions produced in a structure, under the foregoing 


are influenced by both flexural and shear modes of vibration; ;the predominance 
id _ of one or the other is determined by the height-width ratio (H/b) of the struc- a : 


4 ture. is ‘generally believed (and ‘recognized t theoretically) that distortions 
a and by 
modes for lower values. For values of H /b greater than 4, can be 

4 assumed to be mostly flexural. The predominance of the one mode or oe 


other, for various values of H /b, will: defeat all efforts to systematize the 
natural periods of buildings as a whole. _ Fig. 8 suggests that the authors gave — ais 
preference to the flexural mode of vibration, which is directly related with - 
shear distortion, the period will be directly proportional 
to H. The final correlation that the authors report for the natural na 
and H and b, suggests that data taken as a whole would not show either flexural | 
% or shear distortion but. a combination | of both. _ This situation 1 could probably — 


be avoided if T was found as a function of H?/b for buildings having H/b-ratios — 
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on EARTHQUAKE. AND WIND 
iy greater than 4 and, as a function of H for buildings having H /b-ratios I less than 2 
4. Of course, the value 4 has been selected rather arbitrarily. is ‘realized 
4 that there is a zone for H/b that will overlap both 7; and T; to a certain extent — 


3 shear and flexural distortion in stractunns, in terms of the ratio H /b. Syria a 


_ The vibrational characteristics of a structure will certainly be affected ed 4 
_ the elastic yielding of the foundation. The resultant effect will be an increase a 
_ in the deflection of the structure and, consequently, an increase in the period. — 


The yielding affects the fundamental periods of translation as well as those of a 
A torsion very appreciably. The effects on the overtones are also felt in this 4 
rs a respect. _ It should be an inherent part of dynamic design procedure to take — 
consideration the relative elastic behavior of foundation and structure. 


From a general dynamic viewpoint, it would seem basic that the funda- 2 mm 


mental x mode should maintain a comfortable envelope | for higher harmonics in 
to shear distribution. Although the authors have called attention 
to increases in shear in higher parts of structures, for higher harmonics, it is ae 
recognized that the fundamental may still have a good envelope for 
a higher harmonics, in dynamic design. ‘The absolute value of impressed shear — a 
_ in those parts is not considerable. This has been demonstrated by statistical aa. 
_ analyses of the usual damage to buildings of different heights; and it has been i a. 
that, in buildings, ‘serious damage occurs generally below the mid-height 
_ of the structure. This confirms the observation that the fundamental mode is 
24 of predominant importance in the dynamic approach because, as such, extreme __ 
_ precautions may not be necessary in higher parts. - Sometimes, o of course, it 4 


a found that higher parts of a structure suffer from small cracks, which may be 
the result of elastic nonhomogeneity in the structure. producing 
movement near the region. Although model experiments show increases 
in shear for | third harmonics and second harmonics at higher levels, it is felt — 
‘4 that this is an exaggerated effect characteristic of the model, and may not have | yi 
“3 _ Model experiments and theory sometimes seem to indicate that a structure F 
react. with very high dynamic shear and flexural stress values, especially 
Ze. when the known seismic spectrum has prevalent frequencies approximating =— 
_ the natural frequency of the structure; but the unexpectedly e excellent record | # 
a moderate structures, in seismic zones such as Japan, has given rise to a a 
- belief that damping due to internal friction i in the structure, and to dissipation — 7 


_ of energy in the elastic foundation, will prevent the structures f from attaining 


large vibrational energy and thus will help in reducing dynamic shears and 
vibrational stress. Although the authors have recognized the dynamic FY 
influence of the damping process, they have not shown, clearly, a practical — aay 
method of incorporating this factor in design to avoid great expense as com: 

paned with the cost of shock-proof measures. = = 
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ASCE; ‘Henry Le MarcHanp;? Henry C. Joun E. Rinyz, 26 
ASCE; Grorce A. Sepewicx,” A. M. . ASCE; AND Harotp O. ‘SsoBERG; 
. M. ASCE.—The Joint Committee ‘appreciates the study which the dis- J 
_ cussers have made on the controversial subject of earthquakes. _ The contro- aa 
-versial aspects arise from the two basic sources: (1) Incomplete understanding 


a of ‘earthquake phenomena; and (2) criticism of ‘simplifications which lack 


ie The first source is being resolved by continuing 1 “research and the Joint a 
Committee has indicated several specific problems ‘needing further study. 


and Alford are developing some data. Need for world- wide recording of 
motions in moderate and strong, on an accurate and uniform 
; basis, was also acknowledged. Research along these lines should be pursued 
The second source comes from the sfact that, even under idealized conditions, 
earthquake phenomena are very complex. 
not warranted in the « day- ‘to-day application to structural designs. Simplifica-_ 
tions are necessary and it must be recognized that when these are made there 
is room, and perhaps justifiable room, for criticism because simple rules raise __ 

exceptions and complex rules become overbearing. 
The discussion by Messrs. Martel, Housner, ‘and Alford requires ‘special 
comment. ymment. Whens some important aspects of the paper are properly understood, bo; 

2 the argun arguments presented in this discussion do not ‘ “invalidate the conclusions.” 

_ The analysis of some eighty spectra , completed after the April, 1951, publica- 
tion of the | paper, is a fine contribution. bj However, these spectra can be 
shown to justify rather than refute the recommendations in the paper. 


must also be recognized that where ‘ ‘reliable empirical data” and ‘ ‘incontro-_ 


neering e Hoey must be relied upon to meet the demands for building — 
designs which cannot wait such data. A purely approach is 


ould either corroborate and reinforce the or indicate that 


modifications a are required to keep engineering practice i in step with aus 
iin 
developments. Until considerable new factual data are reported, however, 


it is necessary to apply engineering judgment to the data at hand. 
Pw The discussions have not revealed any aspects of earthquake | design forces” eat a 
which had not been considered carefully by the Joint Committee. — “Existing 
< ‘earthquake codes are ‘unrealistic i in some important respects and too severe 
to be justified as minimum requirements « of law. In fact, certain code. require- aa tej = 
a ments may be more harmful than beneficial 
following comments relate to specific aspects of the earthquake prob- 


“wit * Cons. Engr., San Francisco, Calif. gi emotes 
Structural Engr., H. J. Brunnier, Cons. Engr., San Francisco, 
* Civ. and Structural Engr., Standard Oil Co. of California, San Francisco, Calif, a. iovcitany 
Structural Engr., W. P. Day, Archts. and Engrs., San Calif. 
7N. H. Son, Gen. | Constrs., Oakland, Calif. 
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ON EARTHQUAKE AND WIND 
an Ground 1 Me otion —The Japanese discussions emphasise variations i in ‘ “natural | a 
_ periods” of the ground. The conclusion is that the peak of the spectra should a - 
to the right, going from firmer to weaker foundation materials possibly % 


0. 6 sec for soft soils. "Spectra a available to the’ Joint: Committee to 0 date do a 


The Joint Committee is not familiar with the details of the instruments — | 
currently used i in Japan for measuring ground | motion, and more specifically, — 
ground accelerations needed to determine the coxthaneke 1 spectra. Assuming 
these instruments are comparable to those used by the USCGS , records of 
acceleration should be obtained for ‘different soil conditions. Spectra can 


“then: be determined u | an electric analog as that at the California 


— 


Messrs. Guha and Ram state that a structure can’ 
sustained ground motion of a distant earthquake better than the 
_ nonsystematic oscillations in the epicentral area. — There are two conflicting 
considerations here, namely, higher intensities near ‘the epicenter 
the greater possibilities for resonance 2 effects under the influence of the —r 
a 
that intensity governs, but resonance e effects at some distance be 


a Zr ond Alford i is a valuable contribution. tut Mr. Binder and the Japanese investi- = 
gators were also aware of the need for such data. Messrs. Guha and Ram > 
emphasize the need for spectra in zones vary depending 


~() The undamped and damped spectra were obtained using an electric oe : 

analogy.  Thisi is an excellent method for quickly and conveniently determining 
‘spectra from ground-acceicration records obtained with the modern strong- 
motion seismograph. It is strongly recommended _that vs 

a (2) It is unfortunate that more acceleration records of major aibieed 2 

- are not avilable. For a modified Mercalli scale intensity of X, the El Centro’ 

record of May 18, 1940, is the only acceleration record extant. It is questions 

a able whether spectra determined from | records of minor intensity can be inter- 
preted to represent conditions in a ‘Major ¢ earthquake. is 


nA (3) Damping spectacularly reduces the e spectral values of all of the » earth- 
quake motions investigated, especially in the ‘Tegion of short periods. 


ratio of maximum value (at short. periods) to the value (at long 
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JOINT COMMITTEE ON EARTHQUAKE AND WIND 
. ww With damping of 0.10, the maximum spectral value of the El Centro ~ 
:* earthquake of 1940 is of the order of 1.0 g, indicating that the idealized — = 
analysis still: does not reduce the quantitative spectral values" 
coefficients practical or necessary for design. Therefore, the damped spectra 
like the undamped spectra, must be considered as qualitative curves to which © 
‘practical design coefficients must be assigned by engineering judgment. This 
will be influenced by ; observations of earthquake damage and structures” 
- undamaged, the allowable working stresses, and other design considerations © 
which the practicing structural engineer is most competent to evaluate. 
Periods of Structures—The method for establishing design earthquake 
forces on structures proposed by the Joint Committee requires the pre- 
determination of the fundamental period of the structure. The factor 
entering into the period are complex, and a rigorous determination doe 
not appear warranted generally. ‘The formula involving only the geometry 
of the building was intentionally selected to give periods usually on the low ir 
and conservative side. Further study should be made to establish a better — 
formula. Until this is done, there i is little to be gained by making a nominal - = 
h distinction suggested by Messrs. Guha and Ram of relating the period to the © ay 
height H for low buildings and to H?/b for taller buildings. A more exact ae 
La formula will involve at least some of the following factors—soil conditions; 
elastic properties of the materials of construction, dimensions of the structural | be 
_ elements; number, size, and spacing of openings; number and construction 
_ of partitions; and mass and its distribution. aig 
The present Los Angeles, San Francisco, and the Uniform Building codes 
of the Pacific Coast Building Officials Conference (PCBOC) specify 


by dynamic considerations which basically involve the period. . The ——— 
tion of the period as the criterion for the lateral force coefficients acknowledges mt P 
the importance of the proportions of a building and is a forward if not exact step. i a 


Messrs. Martel, Housner, and Alford that ¥ i: 
“*** there exists no reliable data that show for actual 
of average type, the amount of foundation yielding that does 
an appreciable effect on the period or on t the of shear.” 


. ots only with the number of stories of a building, a procedure justified — 


j is contrary to many views, as well as ‘behavior 
Boj The shortcomings in the method | of predetermining the ‘period | does not 
“invalidate the general approach. It would appear logical and practical to 
introduce the criterion of the lateral forces | of to period, 


presented by Mr. Binder, are useful tools the dev: elopment of a 
oe Distribution of Base Shear: Effects of Higher . M odes. —Mr. Martel suggests one 4 7 
ar 
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— the first. Such is not the case. ‘The point that is made by the writers 
~§ that the shape of the fundamental mode shear curve—that is, the shear curve — 
corresponding to the triangular distribution of the base shear—is a reasonable 
envelope to contain the higher mode shears. . The Joint Committee is well aware 
_ that the actual response of a structure, especially a tall multi-mass s structure, is 
a composite: of the fundamental and higher modes. Under the most adverse 
- conditions, these modal responses add to produce ps shear diagram with an x. 3 
_ hour-glass shape; but , from a practical view, present knowledge. does not ware 
a ig rant the design of a multi-storied building with other than an increasing ‘shear ; 
a _ resistance from the top to the bottom of the building. The inherent increasing _ 
Tateral resistance built into a structure to take care of the increasing vertical 
load makes this both practicable and desirable. Furthermore, this accords 
with the observations of Messrs. Guha and Ram and others that, almost without _ li 
exception, building damage in earthquakes has been in the lower half. It i is 4 
_ the e Joint Committee’s contention that the triangular distribution of the base m 
hear w ill provide sound structures for higher modes as well as for the funda- a 
In arriving at the triangular distribution, the case of a building deflecting — 
half in shear and half in moment was assumed. _ This was not represented — 


_ to be an average building. . In fact, it was acknowledged to be a slender IS) Al 
_ building of the Alexander Building type in San Francisco. Most buildings are 
- not so slender and would deflect more in shear than in moment. _ Therefore, 

the triangular distribution is conservative with respect to the fundamental 


mode and provides some excess encanto in the upper parts of a multi-storied = 


Messrs. Muto and Umemura suggest combining the shear curves. in 
curve with the hour-glass shape. An advantage in this is that the artiteny 
= restriction on overturning moment considerations need not then be specified. ae 
The moments would automatically decrease near the base, compared to the 
7 values computed from the triangular distribution of the lateral forces. Bc 
new research is undertaken, this approach may have distinct possibilities. 
a For, the present, the writers prefer to design for increasing shear from the oo 
the bottom of the building to a limitation on overturning 
Coefficients.— —The Japanese group is inclined toward different sets 


. Although some codes" have this feature, most engineers f feel that this 4 


refinement is not for California conditions. ‘The Uniform Building 
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bow gion but not with the soil conditions. There are conflicting effects of ed "a 
ae onditions on the coefficients and until more data are found to establish a ~ 
hese are interrelated, a single set of coefficients is specified. 
x ae e actual values assigned to the « design coefficients depend upon a number 3 
2 tors including the seismicity of the area, the definition of the loads . a 
os ich the coefficients are to apply (percentage of design live load), the | 
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, the earthquake damage. experience, the 


the basic of what these design coefficients are to “accomplish, 

The Joint Committee disagrees with Mr. Martel’s comments on the a 

ficients. Japanese conditions cannot be compared directly with California 
In Japan, the seismicity is higher, the allowable working 

are higher, and it is understood that arbitrary allowances are made for non- _ 
computed elements: of the building which are recognized to add to its acaall a 


ae Even for Japanese conditions, the writers understand that it ania 
a practice of Mr. Naito to ) design buildings for lateral coefficients of one fifteenth > 
of gravity (C = 0. 067) p previous to the 1923 Tokyo Earthquake. Little 
was experienced in these buildings, the Nippon Kogyo Bank, for example, — 
being virtually undamaged although surrounded by almost complete destruc- 
In California in areas now specifying the Los Smile formula for the shear 
coefficients, these coefficients are not 0.10 for a five-story building, but 0. 071 =1) 
for Zone 3 areas and 0.036 for Zone 2 areas. . These coefficients are applied ES 
dead load only. For comparison,the Joint Committee’s coefficients on a 
typical five-story building are given in Table 3, and are 0.0468 in the long e na 
direction of the building, : and 0.0331 in the short direction, applied to. ) dead a : 
plus 25% of live load (or 50% of live load for storage buildings). Thus, the on oe 
coefficients recommended are both somewhat lower and somewhat higher than 
those now applicable in Southern California. It is true that the code recom- 
mended in the paper recognizes flexibility by providing different coefficients in the 
narrow and long direction of the building, but this has a rational basis as the a vies 
periods in the two directions are not normally equal. - It is very doubtful that the 
coeficient would ever be as low as 0.02 for a four-story building. By the © a 
ae for period given in | the paper, this would require a building 7.1 ft to ; 
12 ft wide, , corresponding to heights of 40 ft to 52 ft which is the range that s a 
might be expected in a four-story building, 
‘The Joint Committee is satisfied that the proposed coefficients and cod = te 
provisions are adequate and reasonable minimum legal requirements for 
California conditions. _ The establishment of these coefficients is not an aca- 
‘4 dah problem but requires the judgment of those members of the profession xP 
_ who are regularly | engaged in the practice of structural engineering. Bie suale- 
rr ~ Allowable Stresses.—The Joint Committee was guided with some reluctance 
by the prevailing practi ce in the United States of using allowable increase in 
a stress of one third for abnormal ¢ combinations of vertical and lateral load. 
3 A better balanced design is obtained by increases in stress and higher oo a 
ficients—the practice followed in Japan. These increases have been recom- 
Small Towers on Buildings. —The comment by Messrs. Martel, Housner, ay, hes 
and Alford, that small towers on top of buildings are subjected essentially toa — ie: 
forced harmoni nic vibration of periods corresponding to the lower modes of the ae 7 


building below, is correct. The Joint Committee would prefer to specify 


allowable increase in working stresses a 
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hae gher ‘coefficients: for the > towers 1 rather than introduce an elusive | statement 
ore about avoiding periods in the tower which m might be in resonance with | thas, 
must be emphasized that present ‘codes 1 no provisions 3 for towers ¢ or 
how they : should be handled. _ Under some codes, the towers may even bs” 
is treated as additional stories and so reduce the design lateral load on the entire 
building, erroneous though this procedure i is of 
at 
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many in the theory of airfield layout. The airport was 
_ to consist of two parts, the airfield and the terminal, , and each of these mee 
was designed to function with a maximum of convenience and efficiency. —__ 


The factors affecting design and construction of the airfield are outlined © 


bust 


. discussed, and a brief description of the construction phase is given. 


The design factors ‘influencing the layout and orientation of the 
are presented, along with their effect on normal operations. Passenger 4 
ty a is described, and the: service facilities in the terminal are outlined 
in their ir relation to the traveler and the airline operation and maintenance. 


a riendship International Airport was designed and constructed in a period fi : 


-Tesearch covering many air, bus, railroad, and marine terminals, — | 
conferences with av viation officials, airlines, travelers” and conces-— 


‘ 


In order to simplify the problem, the design o of an n airport ms may be pra ot 

to consist of 2 parts: (1) The part most intimately connected with flight, such ae 

as the air above and around t ‘the airport, approach and landing facilities, a 
pn ading taxiways, and aprons that for convenience are called the airfield; a ae 
_and (2) the access road, interior roads, fuel storage, auto parking areas, hangars, z 
= industrial areas, and, last, but not least, the terminal building. thie, 


ze 


. The division of the airport into 2 major parts leads to the realization that the 4 tee) 
~ length of the boundary line between the two is one important index of the facil- — iE 


aa Nore.—Published in October, 1951, as Proceedings-Separate No. 94. Positions and titles om me: 
those in effect when the paper or discussion was received | for publication. 
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‘ton ities provided. This boundary line may be defined as the apron frontage line. ms 
-_ _ The total cost of f Friendship International Airport, including land, legal, engi- a 
= neering, utilities, and administrative expense, and all construction contracts q 
x as approximately $15,000,000. _ ‘Dividing the total cost by the 3,100 lin aah, 
of apron frontage presently constructed (1950) indicates a cost of approximately 
$5,000 per front ft. Friendship Airport has a potential apron frontage of 


a 7,700 lin ft. A great deal of apron area has been graded but ‘not paved; 


a therefore, it is not included as completed apron frontage. 8 4 
"Obviously, this apron | frontage is far too valuable to be dedicated 
= manently to any y activity that does not contribute | heavily to aviation. a “a 


be carried out with this thought it in mind. 


Design Factors. lawns established tee parts of an airport, it is want 
to consider first the design of the airfield. -| 


‘There are many criteria for airfield design, but the most important are: (a) 
Safety; (0) “economy of construction; (c) economy of airline and 
Safety. —Many factors contribute tone safe design. Among others it 
is s important to consider uncrowded airways, unobstructed approaches, ade- 
quate “navigation aids, zoning protection, wide and long runways, ample 
taxiways, and freedom from fogand wind vagaries. j= 
(6) Economy of Construction—By careful site selection, avoidance o of = 
_ unnecessary approach-zone damage to near-by property, exploitation of on-site 
near-site materials, careful subsurface surveys, and preparation of speci- 
fications that take as many risks from the contractor as possible, it is feasible a 
secure the maximum utilization of the available funds. Under the best 
of conditions, the contractor is still subject to plenty of risks, and bid priees . 
7 (c) Economy of Airline Operation—Many factors affect this phase 
design, including expeditious. landings, favorable meteorological 3 


short taxiway distance, ample apron facilities for quick turn-around, and lack ie 
= of restrictions on take-off weights. An approximate measure of the direct’ a 
cost per ton-mile of airborne persons or cargo / may be obtained by dividing ~ a ra 
e airplane cost of operation per hour by the product of velocity between 
iv terminals and the pay load. Restrictions due to airfield deficiencies affect — 
aa not only t the landing and take-off at the airport but may limit the load for , . 
z the entire trip, thereby increasing the cost per ton-mile. F riendship Airport — 
fortunate in having no such weight limitations, 


Economy of Maintenance.—Careful drainage design, adequate sub- 


construction, wind and water erosion control, and pavements designed oi, 


-Tesistance to heavy loads, weather, and scuffing will reduce maintenance costs. om 
Details of Site —With these general criteria well i in the Baltimore 
City Department of Aviation selected a 3,200-acre site for Friendship Inter- _ 
national 9 miles southwest center of the city, alongside the 
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airport ‘abuts the Railroad is not far the Baltimore 
he and Ohio Railroad. Its surface transportation facilities, When completed, ay ee 
will be ideal. It is located. on a plateau some 140 ft above sea level. 


“soil i is sandy, drainage i is 3s away from the airfield in all | directions, « and the il 


he - Design and Construction. .—The details have been rather thoroughly docu- 
mented*# 3 but the important highlights of the airfield design and 
al be presented as background for the terminal design. Economy of construc- _ 
tion demands that all materials on a given site be utilized i in so far as possible — , 
in the: construction of the airfield. Few sites are blessed with abundant 
supplies of sub-base or pavement material deposited i in such large quantities Fe a 
that they may be economically salvaged and used. More often, deposits ee 
are found scattered throughout the area with a ‘greater or lesser amount of 
overburden. ‘The latter was ‘the case at Friendship Airport. Many small 
- deposits of sand gravel, suitable as aggregate for sand-gravel asphalt, were a 
encountered as the grading operation Materials from these 
deposits were routed to stock piles located near the future site of the asphaltic Ess ; : 
Culverts under ‘older highways were seldom long enough to cause 


dangerous acceleration of the water flowing through. ‘This is not the case, 
however, with culverts under modern dual highways or under airport runways — ‘2 er 
and taxiways. _ In the long culverts at Friendship, velocities were found ey 
increase from 5 ft per sec at entrance to 15 to 25 ft per sec at exit. W a 
soils that erode at velocities of about 5 to 6 ft. per sec, these high exit velocities 
could not be tolerated 1 The solution adopted was | to flatten the lower end © 
of the culverts so as to cause the hydraulic j jump to occur within the structure, 
thus reducing the exit velocities toasafe figure. 
aa Where fills over culverts were comparatively low, conerete cradles were 
bs necessary to enable the culverts to withstand the heavy loads from the expected — 
use of the 200-ton pneumatic roller”: ® and the 150,000-lb wheel load for which © 
dy the airfield is designed. Concrete made of imported aggregates would h have 
‘cost $30.00 p per cu yd in place. — By: mixing 3 bags of cement with a cubi Bs } 
yard of sand-gravel aggregate taken from the trench side, the cost was reduced — nee 


to 00 per cu yd. Tests indicated a strength of approximately 


Therefore, soil erosion control measures were a part of the 
very first and all succeeding. grading ¢ contracts. Weather permitting, as soon | 
3 an area was finally graded, it was fertilized, seeded, and raulched. In uv 


baie a “Master Plan Report, Friendship International Airport,” submitted to » Baltimore re C 
Commission, June 24, 1946, by Whitman, Requardt-Greiner Co. and Associates. . 
cal * “Baltimore Breaks Airport Precedent,” The American City, Vol. 63, November, 1948, p. 101. VF 
£50,000 cu. yd. Daily for Baltimore Airport,” Engineering News-Record, Vol. 139, 1947, Pp. 532. 
§“Baltimore Airport Grading . . . Three Types of Rigs for Various Hauls,” Methods, 
*“Asphaltic Surfacing Details at Baltimore Airport,” by B. 
7, ~ _17“Super Compactor Cuts Airport Construction Costs,” Civil Engineering, Vol. 18, 1948, Dp. 140, 
“Soil Compaction at Friendship International nal Airport,” by B. Everett ett Beavin, T The 


va. 40-41, July-August, 1949, p. 264. 
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aga this way, a healthy stand of g grass usually was obtained before any gulleying 4 F 
j ana?" oa had started. There was not sufficient topsoil on the site to build a high- grade * ~ 


a turf over the entire disturbed area; therefore, topsoil was applied to those a 

9 areas immediately adjoining runways, taxiways, and aprons, where the blasts’ q 
ia _ from airplane propellers might be felt and where planes might occasionally 4 
run off the pavement. ie In other areas the mineral sand was fertilized, limed, 4 


and planted i in rye and vetch. The » following spring the rye and vetch was : 
ge a “disced” in and the areas replanted with grass. The resulting humus helped 
to keep the ground moisture 1 within Teach of the grass roots, and the stand — 
attained has been nearly as good as that found in the topsoiled areas. 
,% steeper and more remote areas, at the suggestion of the Soil Conservation 
7 Service (SCS), a new ty pe grass (the ; African Weeping Love Grass) was planted — 
directly upon the bare clay and sandy ‘surfaces with v very gratifying success. 
~The seeds of this grass are so small that only 2 to 3 lb are required per acre. _ 
Being on an annual it it has th the disadvantage that ‘it may only be planted i in the 
spring and early st summer if it is expected to survive permanently. . A total 7 
_ of approximately 1.5 sq miles of land were successfully tied down with vegeta- _ 
tion so as to resist V wind and watererosion. 
‘The utilities serving the airfield are ‘mostly conventional in their design ; 
Ay ‘and construction. However, even at the time of construction of Friendahip — - 


& it seemed probable that aircraft would not always be dependent upon 


wind direction in landing and taking off and that in the future some of the | 
Teaways might become superfluous. The matter was discussed with the Civil 4 
Aeronautics Authority (CAA) and it 1 was decided that the city’ proper course 
be to proceed with the construction of three runways and to make all 


possible provision for future conversion of one or more of the runway areas into 


a 


sites for industrial or other activity closely related to aviation. The power, oa 
communications, and water distribution systems were designed with this 
7 e. thought in mind, and at every intersection of runways and taxiways there - 
"were installed spare ducts for high and low tension wires and capped-off 4 
sections of water main, After supercompaction and before the ends were 
a backfilled, mandrels were run through the duct lines and a pressure test was _ 
a applied to the water main sections to make sure that no defects existed. These 4 
- precautions will be of considerable assistance in adapting the design of the — 


to accommodate the rapidly changing needs of aviation. 


A, may 


_ §$ufficient aggregate was accumulated from grading operations at the site 
; = to provide 800, 000 sq yd of sand gravel asphalt, 7 in. thick. The top 3 in. 
of pavement were composed of imported sand and crushed stone having : an a 


| 


. 


abrasion loss of less than 40 based on the Los Angeles abrasion test (American 
Society for Testing Materials Designation: C131-47). . Stabilities of 1, 400 4 
were obtained, as ‘measured with Marshall Stability Apparatus, %, "9 enabling — 
ee the pavements to withstand rutting from tire pressures of approximately q i 
. eS. 250 lb per sq in. Although damage from let fuel spillage is no longer a very 


Dy is serious problem, the present tendency in aircraft design is to turn jet e exhausts — 4 

*“‘Formulas and Procedures for Design and of Asphalt P Paving Mixtures,” Waterways Ex 

“sy Station, Vicksburg, Miss., June, 1948. 
€ 


“Investigations of Design and Control of ‘hada Paving Mixtures,” Technical Memorandum No, — 
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downward. This ‘will increa ise the damage to paving of all kinds. 


je the pavement was $3.00 per sq yd (1949) and would have been Hira es ‘ 
higher if all the materials for the entire 10 in. of asphaltic sonapyie had been He 
most pestectiy designed and constructed airfield will not very 

. long unless its approaches are clear and protected from the encroachment a 


7 
; man- -made hazards. Friendshi ‘Air ort rotected b zoning regulations" | 


will maintain forever the 50:1 ‘approach glide angles, a turning zone 

Me 8-miles in diameter, and 150-ft clearance above average elevation of the field. 


ves far more re complex 


c Saatees than the airfield. On the airfield, the needs of aircraft are paramount 
and all oth k d place. In th f the t l, 
.:. and all other interests must take seconc pli ace. . n the case. of the termina 

however, needs of many varied and often conflicting interests come into focus 


“Zoning Protection for Friendship International Airport, " by B E. Beavin, The Military Bains, 
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INTERNATIONAL “AIRPORT 


nd must be given the consideration th that each ‘The more important 


‘The taxpayer as represented by the airport management; us 

3. airline ticketing, operating, and repair facilities; and 


simple, easily understood circulation scheme; efficient ticket and 
handling; comfortable lounge and rest rooms; and concessions and conveniences 
‘such as are found in railroad terminals. “Also required are complete 
facilities from baggage and freight handling and aircraft servicing 
activities. The shortest and simplest walking route should be provided from cy 
f _ lobby to plane side, protected in so far as possible from the weather. The 
a) on general public also has a right to re that the erate will provide facilities ea 


The Taxpayer, as Represented by the Airport M. anagement.—It is 


by the taxpayer that the terminal will be designed 80 as to utilize the ‘apron 


to the maximum ¢ advantage. Economical construction, ease 
a a maintenance, and the inclusion of all practicable revenue producing concessions ae. 
should result in the possibility of terminal a 


at an early of its. life. 


ticketing operations, Qe at the time the airlines are unwilling 

to accept this obviously economical system as being workable. Some partial 

ie consolidations are in effect at Friendship Airport - Airlines operation offices 

should be conveniently situated in regard to the apron and the ticketing — Ets! 
facilities. Hangars and repair shops should be located to make the most 
efficient use of the apron frontage allotted them. For many years to come, — 

air cargo will be used as supplementary loading of aircraft that are not fully See? t 

loaded with | passengers. The day i is not yet in sight when entirely ‘separate 

_ passenger and freight terminals will be justified in the average city. Therefore, A if 

convenient and integral cargo handling facilities must be provided. 

‘4. Related Activities. —The needs of related governmental activities 

ae fairly well established and usually may be met satisfactorily without serious 4 


conflict with the needs of p passengers, airlines, and taxpayers. 
would be interesting to chart the dozens of design criteria stemming 
: from the various interested g groups and to show the manner in which they ae 
Cc: _ overlap and sometimes conflict. _ However, such a discussion is far beyond the Bye 
of which will be limited to describing some of the more im- 


= 
ca 
— 
Passengers and the Gener ublic.—Those who use airports expect an = 
entitled to swift, safe access roads; ample parking space; pleasing grounds; 
4 
a 
4 
j 
— 
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criteria and then a a ation the actual at Friendsh 


a in n the case of a small airport, the only way in which passenger ostien dictunes. 
4 may be kept within a reasonable limit, and the maximum amount of le a 
frontage be obtained from any given layout, is to load and unload planes 
on both sides of piers or fingers extending out from the terminal into the apron 
fe: area. _ The piers increase the capacity of the terminal and conserve apron 
o frontage in exactly the same manner as piers increase the capacity of a harbor. ia: 
ie In this type of layout, the use 2 factor of the loading positions is increased by rf 
not assigning loading positions | permanently to. any one airline but rather to be ee Se 
a _ require that incoming planes use the open position nearest to the main en 
‘The only practicable way to separate passengers from the service activities 
to have these two interests occupy ‘different levels’ of the terminal. 
5 may not be necessary in the case of small- to medium-sized airports, but ‘there x F 
P seems t to be no doubt that : for the larger airports vertical separation is the 
the old style horseshoe-shaped terminals (in a string of 


a 


apron | 


a 
q 


With such a a low rev revenue ‘potential, it is 40 
concessions and conveniences comparable to the luxurious travel facilities) 
. furnished by the airlines. _ Therefore, it is highly desirable that 100% of all 4 
passengers and visitors to the airport pass through the main lobby and the 
Economy of operation can be aided materially by careful design. ii Buildings 
3 should be arranged so that most of the cleaning and other maintenance functions — 
may be done with labor saving machinery. Heating plant, electrical shops, r% 
P:. garages, fir fire department, and police headquarters should be located adjoining 
‘ - each other in order that fire and « emergency ‘duties - may be shared by all. 
Boilers should be studied to determine the effect of size upon the type of 
y - licensed employee required for operation. The installation of one small 4 
: steam engine may result in the airport’s being required to hire 4 licensed engineers i 
_ for 3 shifts and 1 relief. These are only a few of the many items in which 
q care in design will result in reasonable operation costs. 
4 a _ Perhaps the greatest fault in the older terminals of the United States was the - * 
q lack of provision for expansion of the various major activities. Many of them — - 
were overcrowded when they opened for business. Very few had electrical 
: and utility shafts capable of receiving the many new eget and electrical ; 


a _ will not remain adequate for any considerable length of time unless it is 
designed: so that every major activity is free to expand without infringing 


f upon the space of adjoining major activities. This may be accomplished <oll pte 
designing the building for both horizontal and vertical expansion and 
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rd In addition to squandering the precious commodity of gum frontage, this , oe sone 

. “ae type of layout also made it impossible to derive any substantial amount of . a Ss 
nonaviation revenue because only a very small percentage of the total number 
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an a: If by chance he had driven his own car, he would have parked it on the parking 3 a 


ae space may be converted to other usages with very little lost investment. 


Passenger Handling.—In order to see how some of these precepts have | 
been incorporated into the design of Friendship International Airport, it is : 

A oo necessary to follow the route ofa typical passenger leaving Baltimore _ 

A) by limousine or bus for the airport. The conveyance will turn off the Wash- _ 

Baltimore Expressway at Friendship Interchange and proceed into 


the airport vi ria the mile-long access highway . The passenger will leave the _ 


__-vehicle at the lobby floor and proceed directly into the spacious main lobby. a Pu 


FB lot (capacity 1,400 cars) and entered directly intoshe lower lobby, thus avoiding 
the necessity of crossing the main flow of traffic. He then would 


4 
lounge, coffee shop, interesting display cases, and a merchandise mart in which = 
many articles, attractive or useful to travelers, are for sale. addition, just 
_ off the main lobby are located the men’s and women’s lounges, barber ‘shop, i : 
cobbler shop, telephone room, and roomettes that may be rented by veury a 
travelers. After checking in at the ticket counter, the passenger’s baggage i is 
_ conveyed by a spiral chute to the floor below, where it is picked up by airline i - 
employees and carried to the plane. The passenger waits in the main lobby erin. 
and has an opportunity to patronize the concessions that he has seen as he iz, 
- came into the lobby. _ He may, if he has time to spare, proceed to the second a 
“4 floor and walk out upon the 500-ft long promenade deck that is open to the — 
4 public upon payment of an admission fee of 10 cents. . This promenade deck — 
_ permits an intimate view of the entire airfield operation. Over 300,000 visitors — oy 
used the deck during the first year of operation, = | a 
a” Upon hearing his plane departure announced, the passenger proceeds via 
Ah of the 3 piers to the loading position and as presently constructed (see den 
. ing section on aircraft loading) goes down a flight of stairs to the apron level a 
proceeds across the apron to the plane. fences or gates as such are 
provided All; passenger checking op operations are conducted indoors. Friend- 
ship Airport has 8 fully equipped loading positions and 4 more that may be z 
used during rush hours. Eventually, 40 or more positions may be provided. 4 
& - However, the passenger will never have to search for more than 1 out of 3 
(Pier A, Pier B, or. Pier C), all of which are visible from the 
Aireraft Loading.—In an effort to reduce the amount of equipment 
= usually clutters up the apron of an airport, as many as possible of the gh 
utilities been installed in the service These pits contain sewer 
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communication lines, receptacles for 110-volt alternating t : 


‘ 
4 ‘lights, 26-volt direct current for starting plane 2@ gines, and conditioned : air 
| te to warm the planes in winter and cool theminsummer. In s0 far as it = 
rh deemed practicable, a passage through | the airport h has been made pleasant, os 
6 _ It is proposed to equip some or all of the plane loading positions with =. Ae 
sie walkways reaching from the plane door to the lobby floor bs a 
a level of the pier, thus « obviating the necessity for certain 1 ramp ‘equipment and 


>. 


a domestic plane will proceed through 1 of the same piers, in a reverse manner, 
and along the walkway into the main lobby. Here he may either wish to. 
patronize some of the concessions or facilities available | or he may wish to 
_ proceed by moving stairs immediately to the lower lobby to pick up his baggage. 
All buses, limousines, taxicabs, and private cars leave from this a. 


_ A passenger arriving from overseas will disembark at the ‘Taterasdiotiel’ a 

Port, located at the extreme end of the central pier known as Pier B. Two 

: plane lo loads of 60 passengers | each, or one plane load of (120 passengers, may be 

accommodated at any one time. A comfortable waiting room with a snack 
and rest rooms is provided. — The passenger from overseas passes, in order, 


ris 


; tion examination rooms, and, ‘finally, through the customs area. After clearing 4 

. through customs, he walks along Pier B directly into the main lobby where he . ’ 
the same opportunity to patronize concessions and other facilities as does 

: the domestic passenger and uses the same facilities for transportation and 


banquet and conference rooms, business offices used by local ‘concerns, ee 

x tional roomettes : and, a as previously ‘mentioned, the public promenade or 
+ observation deck. The third floor is coveted to appropriate offices for - 


CAA activities, wach as a chief controller’s office, ‘ais and radar rooms, and 
- the control cab. From the control cab all parts” of the airfield and terminal Re 
x are visible. A utilities shaft, sealed off at every floor for fire control or onnd - 
extends from the service floor up to the under side of the control cab. — - Ample 
a _ space has been provided for the installation of any future developments i in 
iy electronics or other electrical navigation aids. _ A large freight and passenger 
a elevator runs from the service floor to the third floor, and a smaller ee 
= from the third floor up through the tower to the seventh floor. _ 
‘The service floor, at apron level, is occupied by airlines offices, 


handling facilities, the lobby unloading docks, ‘merchandise 
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q meals and another section devoted to the prelit minary preparation of to be 


“a prepared the kitchens above. Refrigeration conditioning 


are also found at this level, as well as truck docks for 


_ plant quarantine rooms, and a bonded ware-room. At the present writing Ps 4 
(1951) all rentable space is under lease. nove 
riendship Airport differs widely from any other ‘airport now in existence 2 


= However, it has been designed and constructed as closely as practicable in 
a accordance with the fundamental precepts outlined herein, and it is believed 


Bs Much c of the credit for the successful completion of Friendship International — 
7 = Airport is due to businesslike administration by the Baltimore City Department _ 
Be, of Aviation through two former directors, Maj. -Gen. Julian L. Schley, U.S.A., 
a3) ‘ Retired, and M3j. -Gen. . Cecil R. Moore, U.S.A., Retired (M. ASCE), and the 
a present director, Maj. -Gen. Donald H. Connolly, US. A., Retire (M. ASCE). 
The master plan, design, and supervision of ‘construction for "Friendship 
Airport were conceived and carried out by Whitman, Requardt-Greiner 
Company and Associates, Consulting Engineers. 4 ~The author formerly was 
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— ANDRUM ON INTERNATIONAL AIRPORT 
O. Lanprum™, those who : are familiar with the development 
0 the Friendship International Airport, this paper will be recognized as very ae oi 
well balanced, in scope and i in technical matter. _ This airport, which is of the i 
: inter-continental ¢ express type, is a major r unit in the United States civil a1 aviation Agen ‘ 
—_— Much of the airport itself, and a major part of the supplementary sah ei 
operations t sections would apply specifically to a major airport project designed 
a handle more than 250,000 locally originated travelers per year. eee cae 
_ §maller airports could not justify the planning of such extensive terminal ¥ 2 
facilities a1 and aircraft handling areas in the vicinity of the terminal. — el 
= must be much more simple at and less extensive—generally with only : ae 
Sa building to accommodate both passengers and services 
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By A. CASAGRANDE,? M. ASCE, AND W. L. SHANNON? 
_ Discussion BY MEssRs. Epwarp 8. Barser, D. ‘P. KRYNINE, 
AND A. CASAGRANDE AND wW. 


; a Ain Base courses beneath airport pavements may become oer’ ‘under some some 


of w wide pavements 


FY 
INTRODUCTION 
— is ne sr that saturated base courses are detrimental to the 


sig produce early disintegration of bituminous mixtures and pumping at joints of - 
concrete Therefore, base course drainage is often necessary to 
of failure in airport pavements. + It is the purpose of this a 


“paper to hese the conditions under which base courses become saturated and 


4 
| 


: 24 rated, observations were made from 1945 to 1947 by the Corps of Engineers, e 


States. These observations showed that base courses of airfield pavements may 
_ become fully saturated under certain conditions. Most of the observations were “=. 


Nore.—Published in June, 1951, as Proceedings-Separate No. 76. Positions and titles given are those 
in effect when the paper or discussion was received for publication. s- 
4 1 Prof. of Soil Mechanics and Foundation Eng., Harvard Univ., Cambridge, ee eto 
* — Cons. Engr., Seattle, Wash. (formerly Materials Engr., Corps of U. 8. Dept. the 


COURSE DRAINAGE FOR AIRPORT 


= conditions. The principal causes for base saturation were determined 


» 


life of pavements because they are not as strong as drained bases. Water my, 
aif forced upward through the pavements at joints and cracks by traffic is known to id ; 


ae determine the conditions under which base courses may become satu- ca ' 
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we 
600 Ft Surface 75 Ft 
1.5% Slope Cement Concrete _ Treatment \ 2-In. Base Course 


in. Sand and Base April 12, 1946 
29,1945" 
Ground Water Table Jan. to May 1946-7 “Gravel Base 
@ SITE A- CROSS SECTION OF APRON 19464" 
b) SITE B-CROS ION OF 
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C-CROSS SECTION OF RUNWAY 


Base am 17, 


(d) SITE D-CROSS SECTION OF RUNWAY or 30% 
March 7, 1946~ a 


March 19, 1946—a, 


(Subgrade) 


Approximately 6 


f 
rain —- Su bs Drain 
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— 
Subsurface Drain, As 4 
— 
4 ‘Tar Surface Treatment 1 
— 
4 || sround Water Table, Clayey Silty Sand + — — 
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limited to the two pees sag for the saturation of base courses—trost action a 
Michigan, Wisconsin, North Dakota, aiid South Dakota, detailed comes 


were made of ground- -water levels in the subgrade, and of perched water tables — 
in the base courses beneath both concrete and bituminous pavements. “tie 
_ discharge of base course drains was measured at several of these fields. — We batons 
General Conditions at Site A. —In Fig. 1(a) the test area designated site A 
_ is the part of an airfield located in northern Maine. The base course consists of a 
pee re sand and gravel, with material larger than about 3 in. removed, and 
containing 3% to 5% of material smaller than a No. 200° mesh sieve. ‘The att 
coefficient of permeability of the base course » material averages 27 X 10 cm Z / 
per sec. No base drains are provided. However, on the low edge of the pave- 
a ment, the base course is carried through t the shoulder, thus permitting drainage. : 
fa The subgrade beneath the base course is fill, about 5 ft deep, consisting of 
compact, silty sand, and gravel, with a coefficient of permeability averaging 
ae 1 X 10-* cm per sec. . A similar soil underlies this fill, and shale bedrock is 
found at a depth of more than 20 ft. 
pits excavated during the winter of 1945-46 indicated frost penetration 
to a depth of about 6 ft from the pavement surface. + Tce lenses were observed ihe 
throughout the depth of frozen 1 subgrade, but no ice segregation v was observed 2 
at in the base course. The frost action in the subgrade heaved the an 
[a observation wells indicated that during the fall and winter the de depth of ‘s e. 
‘the ground-water table in the subgrade fluctuated from 7 ft to 12 ft below pave- tad 
- ment surface. _ During the fall, a perched water table was observed in the base pei 
-——eourse, as shown in Fig. 1(a). . Inthe spring as soon as the base had thawed, , the i= 
observation wells again indicated a perched water table in the base and a rising — onal 
j water table in the he subgrade. perched water table in the base rose quickly 


thawing almost. to the surface of the pavement; then, slowly 


en Base Drainage at Site A —In the fall of pee year thin average oh 
oi ‘ water content of the base above the perched water table was found to be about a a 
which may be assumed to be held by capillarity. At an average unit dry 


weight of 140 lb per cu ft, the base would be fully saturated at an average water 


content of 8%. Thus, only 2% by dry weight would be required to change this 
= beak. run sand and gravel base from the drained to the fully saturated state. 
For the base thickness of 39 in., these 2% are equivalent to 10 gal of water per 


Assuming that the he average observed heave of the pavement | surface during» 
a the v winter (0.2 ft) is : equal to the total thickness of ice lenses in the subgrade, ' 
of water liberated by thawing of the subgrade would be about 
“quantity drained upward into the base. Thus, sufficient water was s available 
4 saturate the base during the spring. 3 


« 

ae oe During the fall the saturation of the bese ia bel believed to have resulted from ‘ud 

infiltration of water cracks in the An estimate = 


— 
— 
4 
7 
| 
: 
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the of infiltration, may assuming that the joint width is 
that atmospheric pressure is maintained at the under side of the 


% _ At this rate : and 
—" * with a joint spacing of 10 ft, the base would become. saturated i in about 1 min. at 


_A similar computation using a joint width of 0.01 in in. indicates that the base Pe 
‘oats The ; preceding « discussion indicates that saturation of the base at this site i is 
_ possible, during the spring, by water from melting ice lenses in the subgrade, rt ; 
_ ‘and th that saturation can occur at other times es by infiltration ‘Same joints and iF 


Observations at Site B.—At site B (Fig. 1(b)), also located i in Maine, 


. _ observations wer were | made of the /ground- water table and ‘perched water table i in 
. i base course and subgrade were similar to site A, except that the height of filled a be 
oa _ subgrade was less. Subsurface drains were provided ; at the > edge of the pave- ae 
oe “ment. Ae At this site the highest and lowest positions of the ground-water table art 
in the subgrade, over a period of one year, were above and almost parallel to the 7a Rig! 
of the underlying bedrock. During the ‘spring, immediately the 
base course . thawed, a perched water table was observed in the base. This “= 1 4 
water table gradually dropped, and within three weeks after thawing was com- ey: he WAR 
Plete, the base course was drained. 
- Frost action in the subgrade resulted in a heave of the pavement surface of PA | 
about 0.25 ft. _ Over most of its area the bituminous concrete pavement was ae ee 
- free from cracks. Therefore, it is believed that the perched water table in the aa " om 
ase resulted from upward seepage of water from the thawing | subgrade. 
Observations at Site C—Site C (Fig. 1(c)), located in Massachusetts, was a 
of a bituminous concrete paved runway with a sand and gravel base con- 
structed or on a clean sand: subgrade. pu Before ground- water table 


BS way edges, were later replaced with closed joint pipe with surface inlets, whereas ah: 
Re those located in areas between runways were maintained as open ditches. © In vm 
addition, subsurface drains were installed beneath the he pavement as shown in poe 


Observations of the ground-water table and of the subsurface drains dming 


‘in of these drains, as shown n by highest od lowest positions of the mee . * 
water profiles in Fig. 1(c). For this subgrade (which has a coefficient of per- re 
meability o of about 10 X 10~* cm per sec) the open ditches in the areas between 
‘runways are apparently adequate to maintain a reasonably | constant ground-— 
oe table. The nearest open ditch to the: location of the observations was gan em 
Observations at Site D—Site D (Fig. 1(d)), i 
Paved with bituminous concrete with a gravel-shoulder with tar. 
The base course beneath the pavement and i in i the treated shoulder consists of # a 


a 
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“BASE COURSE DRAINAGE 

the’ of the observations, the bottom of the is 


picg several feet below the original ground surface. Four lines of subsurface drains a 


Observations of the water table in 1946 and 1947 indicated that 


was thawing, a water table was observed i in the base course, as: shown for April 


in Fig. 1(d). | In the shoulder area the water table sometimes rose as high as the 
ground surface. _ When the subgrade was completely thawed, the ground- water 
table, for a short period, was at about the same elevation as the water table i in ra 
the base during thawing. i Then the ground- water table gradually dropped, and ¥ az 
by August both the base course | beneath the pavement and the surface-treated i 
ae During the spring, the water in the hase in the shoulder pars ‘frequently 
stood od at a higher elevation than i in the base beneath tl the e paved area, as shown by 
= the » ground-water surface for April 2. a In addition a close correlation w was ob- 
<a served between precipitation and discharge of subsurface drains in the shoulder. a: mt 


. ‘Therefore, it may be concluded that the high w. ater table beneath the shoulder 
ie area was due largely to the infiltration of precipitation into the base through the _ 
_ bituminous surface treatment. On the other hand, itis believed that the water _ 
in the base beneath the paved. is principally water released by melting rex 
int the ‘subgrade, augmented perhaps by some cracks in the 


- Pe Observations at Site E.—Site E(Fig. 1(e)), in Michigan, pee of a part of a | 
“A Portland ce cement concrete apron with a sand and gravel base course and a clayey- bey 
7 silty sand subgrade. . Subsurface drains extend around the | periphery : and be- 
a, Observations of the water table in the subgrade indicated that it varied: from 
< 4 slightly above the elevation of the subsurface drains to the elevation of the lowest oon 
invert. The water table was highest following the frost-melting period. No i 
_ ice segregation wv was observed in the subgrade; however, heaving of the pavement ane 
7 surface, averaging 3/4 in., was measured. A perched water table was observed a: 
_ in the base course during the thawing period, as shown for March 7 and March fe 
wa ; 15. _ Therefore, it is believed that most of the water in the base during the thaw- . 
4 ; ing period must have been caused by infiltration of surface water through joints d 
— and cracks in the ¢ pavement. fa Actually there was an almost continuous flow of ae 
ie Sd water across the pavement during this period, pee from the melting of a , 
large snow bank piled near the crown of the apron. 
Conclusions from Field Observations. .—Based on these and other: 
f as% it was concluded that during the thawing period ice segregation in a subgrade a 
may be the cause of saturation of an overlying, free-draining base. It was also gl ~ 
us mm) g concluded from some of the preceding observations that infiltration of surface 
: water through pavement cracks, joints, or r through @ pervious pavement, such as ~ 
certain types of penetration macadam pavements, may | cause saturation of a 


free-draining base overlying a relatively impervious subgrade Other causes 
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URSE 


ecu a at’ an airport located in an area that might become flooded, or where the 


ns atural water table may rise above the bottom of the base course. Aeghqsata 


# 


od blue THEORETICAL Anatysis or Base DRAINAGE 
Drainage of a saturated base i is essentially a problem in nonsteady flow od au 
called transient flow) with a free surface. Present development of mathe- 


ae. _ matical tools does not permit a rigorous s solution of such problems. 2 Therefore, — 


Analysis of H orizontal Base. —The assumptions on which the mathematical 
os ‘analy sis is based are illustrated in Fig. 2. _ The center line of the base course and 


- the bottom of of the base course are considered replaced by i impervious boundaries 
as shown. by the cross-hatched sides. of the rectangle. Open discharge i is 


1 
ee U EQUAL TO OR (6) UEQUALTOOR G 
GREATER THAN 50% LESS THAN 50% 
drainage. The free water surface is assumed to remain a straight line that — 
For the purpose of analysis, the drainage process is divided into two parts: = x8 
a) the first part, . Fig. 2(a) in which the free surface gradually changes from 
position 1—4 to position 1-3; and (2) the second part, Fig. 2(b) in which the tn 
ae changes from position 1-3 to position 1-2. For the first part of the 
_ drainage process, the differential equation can be set up by considering the posi- 
tion, of the free surface at elapsed time ¢ and then at time (t+ dt). In the time 
element dt, the quantity dq discharged per unit width is equal to the area of the 
narrow, shaded triangle 1-5-6, multiplied by the effective porosity Thee The 
"effective porosity 1, i is the ratio of the volume of voids that can be drained to the 
total volume of soil. It is assumed constant, that is, independent of the height : 
above the i impervious boundary. 6.0 = sol biley 4; 


te. 
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> 
ad ‘The flow through volume 1-5-7 is computed by means of The 


a simplest assumption that could be made is to use H/2 as the average area ie 


“DRAINAGE 


unit of width through which flow takes place and to assume an average ae 


= effective of H /z. Then the rate of flow could be 


In this the equation i is identical with Dupuit’s formula for steady seepage 


using: an hydraulic to and an n average area per unit 


Of width equal to H/cy, i in which and are quantities that will be 


tests. Eq. 1 ‘and Eq. 2b, a simple « differential is is derived, 
the solution of which leads to 


“ratio will be ‘called the degree drainage 


Drained 


Introducing U and Ti in Eq. gives t the formula for the of 


6i is valid = 0.5 = 50%). Bya one obtains the 
‘solution ha second half of the drainage process, for which the 


a 
— 
— 
be 
—— 
— 
a 
| 
4 
e noted that in iq. 20 the quantity c represents an 
= The progress of drainage is bes This dimensionless 
ty 


BASE COURSE DRAINAGE 
‘The eq Li 


ee 
(2 


The final solution can be expressed by t the following g relation between 


4 


Proaness 


is based are similar to those made for the analysis of the horizontal base and are ~ ee : 


illustrated in in Fig. 3. The mathematical derivation, however, is not quite as_ 
simple. the first half of the drainage process (Fig. the starting. equa- 
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on the of the it is desirable to introduce ( (in 


a 
— 
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a 
— 
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named the slope factor, which is defined f 


ic 


Ww hich is valid for U = 0.5 (or U =50%). By a similar derivation (Fig. 30) 
solution for the second half ‘of the drainage is obtained. The 
starting equations and the final solution are as follows: 
(12a) 


é+hLtana 


2-2U)S+1) 


‘ey Values of U% 


—Trricau Tue Cunves 


Discussion of 6 and 8 are graphically for the 


= 0.5 1.0 For the most purposes it is convenient 
such U versus T ons semilogarithmic paper. Since the time factor 


— 

— 
rhich is the angle of slope of the base layer, 
in whie be expressed by the following relationship 
— 

— — 
— 

—_ 
— 
— a 


COURSE D DRAINAGE 
(T)i is directly proportional to the time (t), the « effect of a slope '¢ on the nai neg 
3 drainage can be readily compared in Fig. 4. For example, a sloping base, : i 
- _aslope factor of S = 0.5, requires about one half the time of a horizontal base 
i obtain 50% drainage, pa about one quarter of the time to. reach 90% drainage a ee 


eee It should be noted that, for a horizontal base, one U versus T curve repre- - 
sents the solution | for all combinations of k, Ne ‘A, and ¢, since all 


aon 


| a 


Fic. 5.—Constrant VELocITy APPARATUS FOR PERMEABILITY Tests 
a will adhere to the glass plates. Bye extensive experimentation this \is obstacle was 


overcome in the following manner: otal itp o ti 


3 P< (a) The glass plates were covered with a very thin film of a soft grade of 


4 paraffin, by dipping the plates into melted paraffin and withdrawing cn 
a 


quickly after the plates had ‘Teached approximately the temperature of the 


paraffin. _ Then the paraffin was removed from the outside surface to inerease 


(6) Glycerine was used as viscous and about 10 gm of 


— 
— 
— 
— 
— 
a theoretical versus U curve for an actual case, one need only transform th a 
study problems of steady seepage. At first the application of this principle to — 
flow was found unsatisfactory because any viscous fluid 
| 
— 
= 
or if 4 j 


802 
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isted essentially of ows parallel glass plates with an inside . 


of in., mounted on a tilting frame. The bottom and the left end of these 
~ models were closed, and drainage was yas permitted through the right end into ‘a i a ¢ 
vessel that rested on an accurate indicating scale. Model dimensions and fluid a ; 
_-viseosity were so controlled that flow was laminar at all times. By proper : 5: 

lighting of these models, the surface of the colored glycerine could be made clear- f 
ly visible through the coated plates. The glycerine was prevented from dis- z a ; 
charging during filling by a a temporary stop at the open end. After the model a te 
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Wie. 6.—Viscovus Frum Move. Ts 


even T 
al 


Ce ; was filled, it was inclined ned quickly t to the desired slope, and | the temporary stop A " 


o a __, During a test photographs were taken periodically, and measurements were 
“s made of the weight of the drained fluid, t the position of the free surface, and the a 
7 temperature of the fluid. In addition, samples of the drained fluid were taken 
= and tested for viscosity. The coefficient of permeability that was effective in os ‘| 
x” the model tests was determined by means of direct permeability tests using ti two ey 
is different types of apparatus. “te Most of the tests were performed on the constant 


__-velocity type apparatus shown in Fig. 5, the plate treatment and 1 spacing being = 


~ 
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test on a sample taken from the discharge. ‘The corresponding coefficient of 


the s same as in the Several tests were performed on a free dis- 


— charge apparatus similar to that shown in Fig. 6 with the left side connected to a we 
reservoir in which a constant head was maintained. For each permeability “ad 
~ test the Saybolt-Fural viscosity was determined on a ‘sample o of the fluid taken 
from the discharge. The relationship between velocity and hydraulic gradient, 
as obtained from these tests and reduced to a constant viscosity, is plotted in oF ~ 
bee Fig. 7. The values given are for a plate spacing of 0. 635 cm and have been a “4 
reduced to a constant Saybolt-Fural viscosity of 400 sec per 60 cc. The prac practi- — 
¥ cally linear relationship between hydraulic gradient (i) and velocity (v) shows — an 5 
a, that the coefficient of permeability is independent of the hydraulic gradient and ve a 
e that the velocity i is defined by v = kiin whichk is a constant of proportionality. _ 
~ In other words, the law that governs the flow in | these models is identical with 
i,t Since it proved impossible to ‘maintain ; a constant adedied for the fluid used — 
in all model tests, the viscosity had determined to each model 


draulic 


‘Hy 


in per Second 


permeability was then read from Fig. 8, which shows the relation between the ; 
and the reciprocal of the coefficient of permeability. 
a* f Although it would appear from Fig. 7 that the flow between. the treated glass” 
: "plates follows strictly the law of laminar flow with zero arg along the aia 


“and hydraulic gradient wou 


a of 6i in., the largest had a a length of 20 ft. 
were to construct i in the laboratory. were with ane 


ese 
a 
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£ Photographs of a typical test, taken at two different elapsed times from _ 


_ start of drainage, are shown 1 in Fig. S * It was found convenient to present the — 
test results by plotting values of U% versus the logarithm | of time.  Corre- 
; * ‘sponding to the definition used in the theoretical analysis, U% is taken as the ao 
ratio (in percentage) of the volume of fluid drained after a given elapsed time to i 


total volume of in the model at of the test. 


bot 


36\ 


Drainage (%) 


and dope on drainage (%). mitts 9(a) presents the results of six tests having Be 
ratios L/H ranging from 1 to 40, with horizontal base and approximately equal — = 
coefficients of permeability. 9(b) shows the results of four tests with slopes 
‘between zero and ratio L; L/ H of approximately coefficients 


: In addition to = RE models, a full-scale field test installation was built 
. — which base drainage under controlled conditions was studied. The tot 
: fs. area consisted of four sections, numbered 1 to 4, each 10 ft wide, 75 ft long, and pen 
a sloping 1 5%. The base materials and thicknesses used are listed in Table 1. Dae 
= Each test section was so constructed that its sides, top, bottom, and upper | end © mo: 
+ Were impervious. The i impervious top was weighted with sand and gravel to = 
resist the uplift forces during saturation of the base. At the lower end a drain 
A. was provided. Wells were provided to saturate the base and to observe the : 
elevation of the water § surface i in the base during ‘drainage tests. 
j eS The ‘operation of a test section consisted of ss saturating the base with the eg 
a drain closed, water ‘that was passed through a filter de-airing, 


>> 


¢ locations i in the base, and the temperature © of the discharged water ‘were meas- = a 


ured. a A ty pical profile for field test section 4, showing the water surface a 


various elapsed times, is shown i in Fig. 
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CoxEFFICIENT OF Permeasiuity, k, 
CENTIMETERS PER Second 
material Free Discharge Tests Velocity | 


(a) Srx-Incu Base: 


| Washed pea gravel im. | | 0.40 | 0.31 | 0.62_ 
| Sandy gravel 0.13 | O11 | O15] .... | | 0.08 | 0.02 | 0.04 


- (6) Base: H = 1.5 Fr; anp L =75 Fr 


Sy 


Washed pea gravel all 


Sandy gravel 0.27 | 021 | 0.33 {9 0.074} | 0.07 | 0.05 


| * Coefficient k, in centimeters per second, for the different depths of flow, in inches. — = 


_ For a comparison with the theory, it was necessary to determine the pela er a 


cient of “permeability of the base materials and | their effective porosity. Dede 
- minations of coefficient of permeability were made by direct testing of the base. 
_A trench was excavated the full width of the base at the upper end of each 

and de-aired water \ was introduced into o the test. section at this point 


“method used for the detemination of the coefficient of permeability & for at 


_ In the free discharge tests the ‘coefficient of permeability was computed by ¥ | 
\ menne of two different procedures. One procedure was based on flow-net analy- La 
sis, and the other method consisted of the use of a simplified formula in which an 


_ Darey’s law - Both procedures gave similar results, which 2 are summarized i in 


Constant velocity tests were performed ¢ on Section 4. The average 

_ for the coefficient of permeability, as computed from these tests, are also sum- ea" . 
marized in Table 1, J It should be noted that the coefficient. of permeability, 
shows a large decrease with a decreasing depth of flow. _Itis believed that this 
_ difference i is due principally to downward i of fine particles during — 

construction as well as during the drainage tests. th addition, the lower layers 

_The effective porosities of the base material i in test section, computed 

the drainage teste tests, are listed in Table 


TARLE 1—T Fretp Tests (Sez Fie. 15) 
0 = Test A te mila: e 
) = U, ; AN = ose 
Pie — 
4 
= 
, 


La 


= 20 are also given. For these vehi ah tests a ‘a plate q 


‘spacing of 0.635 cm was used, the height (H) was 15 cm, the base width (L) was - . a 


609 em, and the | value of k was 7.3 cm per sec. "The theoretical curves are ae ‘ 
~ matched through the 50% point. From this and numerous other c comparisons ie i 
between the theoretical and experimental results, it is concluded that Eqs. 6, as 
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ee 


parameter c c which introduced i in Eq. 2b. the time 
_ can compute the parameter c that best represents given test results. Wes the Hi ; 
_ two examples shown in Fig. il, the parameters (c) of the observed curves are 
1.5 and 2.4. A satisfactory average value for the conditions prevailing in si 
field design i is a value of c equal to 2, which happens to coincide with the value 
that recommended design purposes before model tests were 
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of the draw-down curve at ai any y elapsed time differs the straight 
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Fig. 11.—Comparison oF THEORETICAL with LasoraTory Test 


assumed in the theoretical means of such plots of flow nets 
a for various stages | of this  nonsteady flow problem, ‘it became apparent ‘that t the 

* of the actual draw-down curve could best be approximated by ellipses. 


Louis A. Pipes solved this problem using an elliptical shape for the free ros ie 
_ He found that the formulas resulting from such an assumption were essentially 
identical with the desived on the basis ofa assumption. 


Shope Factor, ‘ — 
| 
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= 
: BASE COURSE DRAINAGE 


formula for the quantity of seepage through an earth dam. : 

_ Dupuit’s formula is based on a radical simplification of the free surface, quanti- _ ea 

iy atively it checks very well with the few rigorous solutions that are available lor = 
| 


of Values of 
ParametercforU 
Between 40% to 60% 


z that whenever quantities of seepage are to be computed, even a rough approxi- iat 
mation of the free’ surface will yield of the of 


an 


Equation 14 


Paramete' 


Factor, 


For: L/H Greater THAN 100 


More detailed information on the relation between the ratio of niaie width 


is height, L/H, and the parameter c is shown in Fig. 13 as derived from hori- _ 
zontal model tests, and i in n Fig. from tests on models with differ- 
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— Theoretical Average 


Field Test Data 


Fie. 1 


Theoretical Range 


—— Theoretical Average} 


SECTION ER 1] 


| (d) FIELD SECTION NUMBER 3) | 


| 2000 5000 


ESTs 


values of for 40% drainage, 50% drai 
isobtained an average, it is believed that a 0% 


<r "a 2 greater than 5, the parameter c is essentially constant. For sloping models it & = 
evident in Fig. 14 that the variable determining the parameter c is not the slope a 
a itself but the slope factor (S). Within the range of slope factors that are 3 oa 


may be computed by by "Hinge Lundgren. 
‘ 


Eq. 4 is t the expression for the line plotted in Fig. 14. 
Comparison with Full-Scale Tests—In Fig. 15 the results of the 
are compared with the theoretical drainage curves computed from Eqs. 11 and 
and te the maximum and minimum values for the of perme- 


40 


75Ft 


= 


For the tests with pea gravel (test sections No. 1 and 3 and Fig. 15(c) and 15(d)) = y 
the test data compare favorably with the theoretically computed range. ae 
the cs case of section No, 2 (Fig. 15(a)) the test itself was considered unsatisfactory aa 
oe ian to excessive leakage from the test flume and because the permeability of the i. 
¥ base material, as placed, varied erratically. Test data on section No. 4 (Fig. a 
-15(6)) do n ot compare satisfactorily with the computed theoretical 1 ‘Tange 
a 7 aon at about 50% drainage. Since this test section represents a type of base ee 

— 4 material often used i in airports, the reasons for this divergence would merit = 


gence a are the fact that the c coefficient of f permeability decreases: with decreasing 


Ag 
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-paction has resulted in stratification of the base. To some extent the appreci- 
. able thickness of the zone of capillary saturation also contributes to the diver- = 
_ It should benoted that the divergence between theoretical and 1 experimental 
Ve _ results was found only in the well-graded sand and gravel that also contained a ay a 
4 slight quantity of silt. The tests on washed pea gravel showed excellent agree- — ia oa . 


§ 


Comparison with Field Observations. —At site B, described in section 2, 
sufficient field data were obtained to construct a time-drainage curve and com- 


pare it, as shown in Fig. 16, with computed theoretical time-drainage curves ce 

using Eqs. 11 and 13. At site A, the base was fully saturated on April 16 and et 

=> "during the following forty days, 35% drainage of the base occurred. Using Me 3 

11 the computed time for 35% drainage is about 50 days. For these two osites ie 

__ the agreement between observed and computed values is considered reasonable. ae “4 


us For sites D and E, comparisons between observed and computed values are not a 


ir 

a Asa of the investigations reported herein, the recommenda 


- 1. where considerable i ice segregation in the od is 


st 2. Locations where infiltration of surface water through a pavement may be ce 4 


expected to result in saturation of the base; 


be 8. Locations where the pavement may become inundated « occasionally or 
whore the ground-water table may rise into the base course; and 
4, At the low points of longitudinal grades sloping more than 2%. the 
Generally, a base course is not liable to become saturated where the sub- 


wh: 


aa grade is relatively pervious, except in those cases where ice segregation may 
i develop i in the subgrade. The requirement for base drains may be ‘modified — 
4 _ at locations where subsurface drains are provided to lower a ground-water table 
PS ied in the subgrade or to intercept water flowing in a pervious szone. | Such ch drainage 
.. de should be designed to provide also for drainage of the base course. ediine 


ie 


_The principal factors that determine drainage design are the dimensions, 
a ate the slope, the coefficient of permeability of the base, and the spacing of the ier 24 
drains. In the design, these factors may be varied to determine a practical solu- 


ds: tion. For example, it may be more economical to use a poorly draining base i ra 
E material combined with a close spacing of the drains than a more pervious but . 8G rae 
‘more expensive base material combined with much wider drain spacing. 
wide aprons and runways it may be necessary to provide several lines of 
base drains. However, for the usual runway and taxiway pavements, base 
drains at pavement edges, only, will usually prove adequate. TE anid. 
i Tf base drains are to be installed, in the absence of special requirements it is 


recommended that these be so that the time for 50% A 


4 
i 
water SUDDIV Dv iniitratio roug 
the pavement while drainage was 
4 
= 
4 
a 
| 
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ainage of the base course is not more than about 10 days. This recommenda- 


tion is based primarily on the writers’ ‘investigations and experience. It is 
that base drainage designed in accordance with such a rule will be 
aes 

ity 


Fie. 17.—Revation Berween Stopes Facror anp Time Factor ror 50% 

aa effective, yet not excessively costly. _ Mw With this rule one of the following two —- 
T 

Procedure I —Fig. 17 is a plot of the relation between the time Ts 


and the slope factor S obtained from Eq. 11. This plot permits direct reading Be 


4 the value of for any given slope tector 3. Usi Using this value of 


corresponding time is then computed fr from 


which the parameter c is taken fr from Fig. 14 
Procedure II —For most practical purposes a further simplification is per- 
fn ible by use of the follo equatio ee 


ody 2kH (S + 1) k (H + Ltanae 


ont ‘Came For the working range of H, L, and slope generally used in airfield design Eq. ps 
156 was found to give within about 10% the same result as Procedure 4 
; = he Eq. 15b has the ‘advantage that it does not contain the empirical parameter be 


1 and that no charts are needed. _ The degree of approximation of Eq. 15 is 
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in for the range of slope factors the corresponding ritio— 


Runways 300 ft wide, for heavy airplanes, are to be built on a soft clay sub : 


bod: as shown by the cross section in Fig. 18. _ Because of local conditions eit ey 
occasional saturation of the base is considered possible. ‘The! base course, 4. 
‘thick, consists of sand and gravel with an average ‘coefficient of permeability of 

k = 0.01 ft per min and an effective porosity, = 0. L, 


Shoulder | 1.5% Ru it. 


— 


a The rule of 50% dre drainage in 1 10 days is assumed for the design of the base xe ae 


% drainage. — Because of the thickness of the base, the drains may be placed in in the tae 
rs = base, near the bottom, as shown in Fig. 18, thus making L = 140 ft. For orthe 
drainage analysis the depth of the base is assumed to “ the thickness of +» ie 
sand and gravel and crushed stone (H = = 62 in. ). The coefficient of permen- aa sa 
bility for the entire layer is assumed equal to that of the sand and gravel, an <a 3 
To determine the the suitability of the section, compute from Eq. 10, S = (2.46; 
. & Fig. 17, Tso = 0.395; from Fig. 14, ¢ =1. 85; and from Eq. 15a, tso = 9. a 
days. Hence, two lines of base drains, each 10 ft inside the pavement edge as 
shown i in Fig. 18, are considered satisfactory, ; 


i” ‘ex During construction and before the pavement i is agg the base drains will 


exceeds the storage in the base. 


quickly construction operation can n be resumed after a rain storm. It is con- 
sidered reasonable to assume that construction can proceed when the base is 
... only 10% drained. 1 For instance, if the base is partly constructed to a depth * 
a . ft, 10% drainage would require about 29 hr, as computed using Eqs. 11 and “s 


Hence, the proposed drains to — of the 


all, 


oi 


fis — 
— 
_ of the base will probably result during each period w 
= 
| 


‘The investigations described i in this paper were started i in 1945 45 by the = 
England Division Office, Corps of Engineers, for the Airfields Branch of the 
gs Chief of Engineers, in connection with a ‘comprehensive study of criteria a 
for the design of base drainage and subsurface drainage of airport pavements. _ 4 2 


_ They are described in detail in se in several | unpublished reports by the New y England i ‘ a 


_ As a member of the Board of Consultants on Airfield Pavements for the — 
Office, Chief of Engineers, the senior writer made the theoretical studies and a 


— 


ae > 2 suggested the use of the viscous fluid models. The junior writer, a as chief of the ; 
Frost Effects Laboratory, New England Division Office, was in charge of the 
| 


eis Ag "- _ At the spring meeting, ASCE, in Philadelphia, Pa., on April 18, 1946, two 
a Ne _ papers were presented by the writers, as a symposium on “Subdrainage 4 


ly Airfields.” These papers (‘Theoretical Analysis of Drainage of Base Courses” 


by Arthur Casagrande -and “Model Investigations of f Drainage Base Courses” 


— 
aa 

aa 
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BARBER ON BASE COURSE» DRAINAGE % 


8. Banner,’ A. M. ASCE.—The field and laboratory data 


et eould be ¢ be effected by snihtiatie the cross section and gradient at z in 
‘Fig. 3, assuming thatthe slope of the base is fully reflected in the hydraulic Ee 


gradient. Thus, as an alternative toEq.9¢ 


bog! using = 2, from Dupuit’s formula for 


horizontal base, this gives Bas 

note Vols 


_ If Eq. 18 were used instead of Eq. 9, Col. 6 in ‘Table AL peer reed 9, 0.09, 13, ei 


A 


and 0.22, which compares better with the flow net ae so values in Col. ‘5 ty ES 


Table = 


Specific Yield 
= Coefficient of Permeability 


ge 


Dischar 


0. 
biout | 90) iat *hiogs 


Fia. 19. oF Drainace oF Base Course 


by. 


tory tests wi 
1 4, 8 U 

Civ. Eng., Univ. of Maryland, bee 4 
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= for0 = S ‘Similarly for 0.5 =U; 


= 0.58 — 0.48 8 - 


cal 


to =- 


hay 


2 in which t is time, n, is specific yield, , and k is the josflalent of permeability, 


that C3 = 2.4 for all values of 


AS S as illustrated i in Table 2. 


even though they are not drain- 


proposed in . the paper suggests 
material dense so that it i even though wet or frozen and 


P. Krynive,* M. ASCE the authors the purpose of their 
x. paper is (1) to analyze the conditions under which base courses become sat- me 
z urated and (2) to develop and test a procedure for the design of base ee 
The writer’s comments refer to some features of these two items. = 
ah, 1 Saturation of Base | Courses. —In addition to two causes of base course we 
"ration as suggested by the ne authors (that is, frost ‘action and pumping neo 
from lower strata, and infiltration through the pavement) at least two more cy eT, 
should” be be considered— -(a) continuous water vapor and, sometimes, capillary 
moisture movement from the water table, and (b) transmission 1 of moisture ec 


Procedure | Equation | Equati graded base course materials al 


ae through air with subsequent condensation and horizontal capillary motion. 


The latter cause has been discussed elsewhere® by the writer. Cases are 
record! of failure by the accumulation of moisture in the base 


«Cons. Engr., San Francisco, Calif. if 
§ Discussion by D. P. Krynine of ‘ ‘Develo 
fields, a Symposium,” 7’ransactions, ASCE, 


___ “Observations of Moisture Contents and Densities of Soil and Their Subgrades,” by L.D 


Hicks, Proceedings, Highway Research Board, National Research Council, Vol. 28, 1948, p. 422. See, ‘a 
“Survey of Subgrade Moisture Conditions,” by Miles 8. Kersten, tbid., Vol. 24, 1944, P- 497. 
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base courses has been collected by L. D. y, only 
version of Mr. Hicks’ findings has been published 
— "Miles 8. A. M, ASCE. 
gawork in this field has also been done by Miles S. Kersten,’:* A. M = 
= 


Theoretical Analysis of Base —Ingenious of. the 
ota conditions have led Mr. Casagrande to conclusions in many respects — 
similar to those of the > theory ¢ of consolidation. ne The writer has f followed the 


derivations of the p paper and has obtained the ‘same results as given by Eqs. 6 oe : 


as given by Eq. tends to become infinite when tana=0, that is, 
e when the base becomes horizontal. In other words, Eqs. “ll an nd 13 should | os 
Fe, S become Eas. 6 and 8, respectively, for the case S= oo. Apparently some more 


mathematics is needed to clarify the infinite solutions obtained by such an 


k. ex Discussion o of Theoretical Results. —The action of a base drain as depicted 
in Fig. 18 is similar to the action t! that prevails in pumping test. At the be- ue 
ginning of the pumping 1g test the water level falls towards the | pump steeply; a 
hence both the hydraulic gradient and what may be called the effective cross ‘§ 
of the stream are considerable but decrease rapidly. An analogous 
although schematized pattern is presented in Figs. 2 and 3: Hence, the action Ge ~ 
* of a drain removing water from a saturated subgrade is more or. less. oa 
efficient i in the beginning of the drainage process only and slows down rapidly. 
After a certain interval of time the drainage process t takes so much time that, = 
a before the value of the “degree of drainage” reaches a high value (say, 90%), 
a new saturation is possible, — Therefore, what is called the second part of the 
be drainage process in the paper is not essential in practice. | This point of view a 
is implicitly shared by the authors themselves when, in their final recommenda- - Zz 
; tions for the design of base drains, they do not extend their study beyond half 
The authors rightly state that the present. development of ‘mathematical 
tools does nor permit a rigorous solution of the problems. of unsteady (transient) — 
flow. Approximate solutions with a high degree j 
“of precision have been obtained in particular cases, haw 
however. Asan example, an interesting solution 
; =. of the spreading problem, in many respects : simi- a 
to the base course drainage | problem, should 
mentioned.’ It is noteworthy that in the 


base course drainage | problem the shape of the 


= drawdown (saturation) line is not impor- Subgrade 


tant for computations of seepage quantities, as = = 
may be concluded from work of Louis A. . Pipes, aa 
who used not only an elliptic drawdown approximation, but also a parabolic 

. i approximation; an approximation based on a horizontal free surface, and the __ 
triangular approximation similar to demonstrated by Fig. 2. In 
opinion of the writer, what is really important is the lower boundary of the base ~ 
course. If the base course is saturated by water pumped from the lames stra e 
the subgrade is also saturated, at least at its uppermost 20). 


ie the drain must remove water 1 not only from the base course but also a 


*“Ground-Water Movement Controlled Through Spreading,” b: Paul Baumann, P Proceed 3s-Sepa- 


_-'1®8 “Subsurface Drainage Investigations 1945-1946. Report on Theoretical Anal of Drainage of 
Base Courses, A. Pi » Compe of Engrs 8. Army, Boston, Mass., March, 1 
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& = —— shown in Fig. 15(b), the time required in the second part of the drainage 


> process in the field is much longer than the time indicated by theory. quliesin 


The writer agrees with the statement that the enefiiciont of permeability 


sumption of : a cons 


—— but the particle is gradually peeled from the moisture covering it, ae 
= wagpel this cover adheres to the particle, the more difficult is that peeling. ne 


oi ‘Theory and Laboratory Experiments ——If the subgrade is isolated from the 
ee course by an impervious asphaltic membrane and the base course is sat- _ 
_ urated by infiltration through the pavement, the field- -test results would be — 
loser to the theory than if there were no membrane. In addition, if the 
ms - cient of permeability is kept constant, a perfect egpeement of the tests with the ot 
theory can be expected. The laboratory experiments explained in the paper Vx iy 
Res precisely duplicate this particular case. _ As may be concluded from the e paper, Pek 
‘ ‘hee these experiments were performed with the utmost care, as generally all lab- 
ae es Ee oratory work of ‘the Corps of Engineers, United States Army, is done; b but, 
: nonetheless, i in a general case they cannot be admitted as a proof of the appli: 
ability of the theory developed in the paper. of 
owe _ Summary.—The work presented in this paper is a definite step forward in in i Brycd 
relatively unexplored field and a considerable help to engineering investi- 
* gators who follow and who are interested in further research along these lines. a: 
The writer wishes to emphasize that his discussion Goss nat disregard the high 
A. uM. ASCE, anp W. L. SHannon,” A. M. -ASCE.— 
oi Mr. Barber suggests an interesting modification of the equation for the sloping 


“oR 


an a base i in which a single value for the parameter ¢may be used for all slope | factors. ‘o 4 


= is plotted against the factor as shown in Fig. 19. Mr. Barber also suggests 


that Eq. ‘18 is is a better so solution of the steady problem of seepage with sloping 


ae base than ‘the corresponding equation which follows from ‘the assumption 
oe represented by Eq. 9b, and he bases his conclusion on a comparison with the 
results: shown in Col. 6, Table 1. _ However, these results include kevalues 
which were in part computed by Eq. and in part derived from flow 
solutions. Therefore, the values in. Col. 6 cannot be used to decide which 
, approach is more correct. Besides, the coefficient of permeability in these 


Prof. of Soil Mechanics and Foundation Eng., Harvard Univ., Cambridge, Mass. 
n eat Seattle, Wash. (formerly Materials Engr., Corps of Engrs., U. 8. Dept. of the Army, _ ¢ ai! 


: 
— 
tant coeimcient Of permeability 1s vulnerabie point in all 
beginning with the theory of consolidation. Inthedrain- 
=| 
— 
= he 
this case, The amount of moisture attracted by pea gravel is exceedingly 
= 
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AND SHANNON ON BASE COURSE "DRAINAGE 


field tests varied greatly over the thickness of the layer, 80 that such tests 

= would hardly be suitable for a comparison of these equations. — _ However, viscous — 
fluid model tests—particularly tests with steep base slopes to accentuate the By 
be valuable for such a comparison. In the absence of such 

os Eq. 18 and the » corresponding equation n based on Eq. 96 have ae 

compared on the basis of flow net solutions of several cases and it was found 
- that Eq. 18 gave from 30% to more than 50% larger values for the ratio g/k 

than the flow net analysis, whereas Kq. 96 gave results for q/k which were 
from 5% to 20% too small. It can also be shown by simple theoretical bP 

‘that the deviations from correct solutions should be of that order 


the simpler Eq. 15b appears preferable for design purposes. 
The writers ar are ‘not i in agreement with Mr. Barber on the the value o of 
a graded base courses, and question whether such base courses have indeed ae & 

stood the test of saturation. In the writers’ experience, also dense-graded 

bases have failures when became saturated from one cause or 


teat data are rer sufficient to prove conclusively v which one is more accurate, es" a 


5 Krynine has called attention to other ‘Possible causes base 
tion. his discussion of the theoretical results, he notes that subsurface 
e = drains must not only remove water from the base course but also from the 
_ subgrade and that water draining from the subgrade may result in slowing — 
down the last portion of drainage from the base course. This phenomenon 
f 2 . might be true in some cases. Mr. Krynine suggests that this effect may have — a 


Ga _ been present in the field drainage tests as indicated by Fig. 15(b). In these ip he : 
Particular tests the subgrade was simulated by an impervious membrane com- 

x _ posed of asphalt impregnated fabric (prefabricated bituminous surfacing, © 
ky known as PBS, surplus fi from World War II) which, so far as could be determined, 
did not contribute to water drainage. Some troubles were experienced in 
as this membrane leak proof, which may have influenced the results in 


oe pevements, the findings are e applicable to pervious scaly where the 
_ thickness of the pervious material i is limited as, for example, a sand subgrade = 
created by hydraulic filling over an impervious formation. Assuming 
. in a humid climate an island 10,000 ft in diameter is created by a 20- -ft-thick — 
layer of sand on an impervious clay, it is. obvious that a ground-water table 
in the middle of this island will remain developed substantially above the 
_ surrounding free-water level. Depending on replenishment by precipitation — ata 
3 and on the thickness and permeability of the sand fill, the ground-water table 
ei in the fill may remain so ) close to the surface of the fill that i it would be undesir- 
able to build’ pavements upon the ; sand without special provisions to increase 
the depth from the ground surface to the water table. To provide such an 
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Se tisstesie in depth to the w water table (a) the thickness: of the Gil might i a 

= - increased, (b) an extensive system of subdrainage could be provided, or (c) at 

the case where the sand fill is is placed o on relatively thin i impervious layer of 

“clay or a silty or peaty ‘meadow mat overlying a & pervious deposit, this 

i AS ous layer could be entirely or partly removed prior to construction of the sand + 
fill. This last method, where achieve the desired results 
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MODEL TESTS USING LOW VELOCITY AIR 


By JAMES W. BALL,’ A. M. 


E> wry The use of low velocity air in testing closed hy draulic systems, or sesting:t in 
_ which air can be substituted for water without introducing any appreciable is 
error. due to compressibility, is discussed. The advantages, disadvantages, 
errors to be expected, and cautions to be penton when the hydrauli¢ engineer 
employs this method of testing are also introduced. 
ty For the purpose of this paper, low velocity air tests will be considered, those 
_ that yield, for all practical purposes, the same results as hydraulic tests. — Low 
air velocities usually range up to about 250 ft per sec or about 25% of sonic 
speed, depending t upon the nature of the. particular problem. sid ay 
i istory of Air Testing.—Air testing, or aerodynamic testing as it is commonly 
ila is not new, but the technique of f using low velocity air as a fluid to - 
solutions to hydraulic problems is a ney development. References' 34 to 
- aerodynamic testing are found in the early part of the twentieth century, but 
> these references usually pertain directly t to aircraft rach or to fluid mechan-— 
this early research work the experimental data from using different fluids, 
K = air and water, were combined to illustrate a fundamental law or 
1 


i 


i principle rather than to prove that air could be substituted for water in deter- 
mining the flow characteristics of hydraulic systems. - Low velocity air testing _ vag be 
is now being used i in solving problems of this nature. — Among the first to make ie 
= of this method, and a a pioneer in this field, was C. Keller. Some of Mr. 


_ Keller’s work was published as early as 1937, and in 1939 he was co-author of = * 


__ _Nors.—Published in June, 1951, as Proceedings-Separate No. 76. Positions and titles given are those _ 
in effect when the paper or discussion was received for publication. as 


Engr., Buresu of Reclamation, U. 8. Dept. of Interior, Denver, Colo. 
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q McGraw-Hill Book Co., Inc., New York, N. Y., 1934, pp. 252-2656. 
a §“Similarity of Motion in Relation to the Surface Friction of Fluids,” by T. E. StantonandJ.R. 
& Pannell, Philosophical Transactions of t 914,p.199. 


article on air testing of In the same year another article,* which cited 


af 
of Mr. Keller’s work and discussed low velocity air testing of hydraulic 
and steam operated machines, was published. Everything set forth in this 


article is just as ‘applicable today when leading engineering organizations, 


aa universities, and private industries are ysing air testing as a 8 a low-cost, useful i | 


tool to solve some of their hydraulic problems. 


Ngrbet - Instruments, test equipment, and measuring techniques are beyond the 


scope of this paper, but they offer no problem j in low velocity air testing <a moe 


towards defining the limits which ‘tenting can be substituted 
hydraulic testing. Some of the limits already established will be go : 


nereasing and Advantages of Low Velocity Air Testing. —There are 

numerous reasons why low-velocity air testing is gaining popularity with be a 

draulic engineers. . The following advantages contribute to this popularity: _ 


1. The low density of air minimizes the structural requirements of the test 
facilities. 10 oilus aby d oi ie we Yo: 
oe 2. Power requirements to circulate the test fluid are , comparatively low. 
Absolute fluid tightness is not essential but more easily attained. The 
wetting problem i is nonexistent, permiting use of wide variety of materials. — 
acs The : atmosphere serves both as a ‘supply rese reservoir and a catch basin. ee 
ol oe a 5. Test procedure is usually greatly simplified but requires certain types of 


a 6. “Reynolds numbers ¢ can be made about the same for either air or r water i ina ya 


_ given model. Use of a larger model to test at a higher Reynolds number — 


Li 


a 


relationships for an fluid are applicable when : air is used i in 1 place 


= of the disadvantages of using : air as a test medium and to ) emphasize that the 

; x discussion applies principally to systems of short length v where friction i is not a "ag 
major factor. Air bas a comparatively low bulk modulus and does not become — ae EC 
¥ discontinuous as in the case when the ‘vapor pressures 3 of liquids are are reached; 

ae and since air is a gas, there is no free surface. From these properties it appears” 
that air could not be used to replace a liquid where effects of compressibility, — 


Method for Determining the Cavitation Factor by Air Tests,” by Cc. Keller and-H. Bieuler, 
Escher Wyss News, Zurich, Vol. 1-2, 1939, pp. 19-24. — a 


#“New Method of Aerodynamic Research, by C. Keller, sid., PP. .4 ant Sivas 


of water. It will be endeavored to supply tl this: proof without going into 


Indicated Disadvantages -—It seems appropriate a at this point to mention some 
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iy gible error if the air velocities are kept below certain values (less than } sonic 
q 
| 
% 
{ 
= 


cavitation, effects are predominating factors. This i is always the 
case, but it is necessary to be sufficiently familiar with the dynamics of gaseous» 
a flow in order to r recognize when such studies are applicable. _ The use of the 
Py! equations for incompressible flow will indicate the limits where nnenaiiiie 
is of little or no consequence. A logical and valid conclusion without the aid — 
oe mathematics would | be that the velocity of sound for the test medium a should ee Re! 
Es not be exceeded in any event, since beyond this point it is not valid to assume the ; 
a - condition of adiabatic changes. A more elaborate theoretical treatment of the _ 
oe pertinent question at this point is “How near can the speed of the oe: 


"approach sc sonic velocity without introducing errors of appreciable magnitude?” 


Limitations oN Use or CompressisLe FLow 
pplication and Lit Limitations of Formulas for I Incompressible Flow. —It can be 
shown that large errors are introduced by ‘using: near-sonic velocities when the 
2 simpler hydraulic relationships are applied. This being the case, it would — 
appear that the first problem of a hydraulic engineer wishing to ) use air instead — 
- of water for testing a a hydraulic system n would be to determine the maximum air > uf 
a Bis In most tests, if the velocities are kept low and there are no large changes in 
- pressure or velocity, it will not be necessary to make an evaluation of the com- ee 
= pressibility effects. However, if there is some question as to whether ornot the es 8 
compressibility effects should be of concern, this evaluation can be made as will 


be outlined. The problem may or may not be easy depending upon the diffi a # 


culty in establishing approximate expressions for the flow conditions in relation __ 
_ to the pressures and velocities for both incompressible and compressible for 
The maximum permissible velocity fo for any problem can be determined by 
ting up the ex expressions for the pressures in incompressible and ‘compressible 
= - flow at two carefully selected points, computing the pressure change from cone 
- point to the other for both types of flow and plotting these pressure ene ron re 
against the respective velocities at the reference point. 
. If the velocity of the air is kept within the range in which the pressure 
@ difference between the two selected points is essentially the same for both types" ates a * 
Bas) of flow, | then the simpler hydraulic relation: ships can be used in analyzing the a 
~ test data from a hydraulic system using air instead of water as the test medium. 
heoretical Limiting Velocity. —The velocity of the air which will re result. 
ina given degree of accuracy in a system can be found by considering two gener- > 
equations derived from the Bernoulli relationship for incompressible and 


compressible flow. ~The e equation f for incompressible flow is 
and the equation for compressible flow is 


i on 
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= _ Kis the gas constant, C is the velocity, and the subscripts 0 and | refer ; 
the reference station and selected station, respectively. = | 
ie type of testing under consideration requires all velocities to be much less _ Bic 
than sonic and all pressures to be near the term 


V9) , will be lees than u and the right ‘side of the equation 


 g can be expanded into a convergent series by means of the binomial theorem and * 


avy 


| _ (K — 2) (V4 — | 


can beexpressedintermsof Voas 


in which is the ratio of flow Then add = 


effects will be reflected ‘only i in the second and. terms withi 
the brackets and that this magnitude dependa on three factors: (1) The 


system; and (3) the » shape aft the flow pé passage. 
ae es _ A quick estimate of the probable error introduced by using air ‘popugy m8 


ok water may be made for a particular test setup by substituting ee fill 

eee values of Vo, Co, and B in the second term within the bracket. For example, 

be: let Vo = 250 ft per sec, Co = 1,000 ft per sec, and @ = 2. This error would be © 

(1,000) (4 — 1) = 0.047 or 4.7%. The effect of the third and subsequent nt 


i 


ie terms is insignificant. Examination n shows that error would be reduced ae 
about 1% if Vo was limited to 50 ft pe per sec. However, at the lower velocity, 
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and more precise instruments would b be required. 
Practical Limiting Velocity —tThe use of hydraulic equations for air flow 
: that is actually governed by aerodynamic relations introduces errors in the test iia as 
. results. The magnitude of these errors can be determined i in some cases, , while eae 
_ in others the limiting velocity can be determined at which the two regimes start — 
bag One of the least complicated examples of the determination of permissible — 
7 test velocity i is that of steady flow past a solid body, su such as a pitot tube used i in 
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making a test, held stationary in a uniform stream. In this case the points 
| selected for pressure measurement are in the undisturbed flow upstream from of ee 
<a P the body and on the leading edge of the body where stagnation pressure exists. il 
|The equation for the ease of incompressible Quid is — 
4 
— 
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We 


point, respectively. ‘By assuming various values (less than sonic) 
for Vo, computing values of = — ho and plotting the (h, — ho) versus Vo terms 
for both cases, Fig. 1 is obtained. An examination of the graph discloses that 


a oy. i the values for both conditions are essentially the same for velocities up to about ei 
250 ft per sec. For this type of study then, one would conclude that results — yi i 
il a Be + comparable to hydraulic tests could be obtained with air, providing the value we 
. a of Vo was kept below about 250 ft per sec. Reliable results could be expected - 
cs rg - from a pitot tube for this velocity range. However, if other points in such a 
“Be ot ie system are selected for measurement, it is possible that the value of Vo would ls 
have to be less in order to hold the error to an equivalent minimum. 4 Com- re ct 
pressibility e effects influence the accuracy of many test. instruments. ‘ve 
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Flow: through an orifice is an example of the determination of | 
7 cs of error introduced. The accuracy of the formula for incompressible flow P. 

te through an intake orifice will vary depending on the pressures at which it oper- | 
ates and the reference pressure used in making the computation. The four lines 


in Fig. 2 show the percentage error introduced by using the hydraulic equation | ie ’ 

instead of | relations for the four possible conditions based on the 

different points. The error is a minimum when the base pressure used 
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LOW VELOCITY 
unity that the error is ‘small i in any case. ‘The use of the mean pressure) 
Sar result in even less error if the quantity were based on the specific volume 
at the downstream ‘pressure. It may be concluded from this illustration that 
ee equation for incompressible flow for an intake orifice m may be used without 
4 - introducing serious error if the pressure differential across the orifice is kept small - a 
(not more than 1 ft of water). toed 


7% Examples for stream tubes i in | general and for flow in a venturi 1 meter may be 


= accuracy of data taken from n the test structure and on any instruments that are A 
only the initial phase of a a study in which — 


providing accurately measurable: quantities. With a little experience the 
_ draulic engineer is able to recognize whether or not the initial investigation of — 
the compressibility effects is necessary. basteni bea ai 
2 There are other factors not apparent in the equations that might influence — es y 
ill be cited later to illustrate some of these factors which have been discovered ae ate 


Air has been used successfully i in problems of the following 


—@) mien-+ of water passages, runners, and impellers of hydraulic turbines and a 


including the efficiency and cavitation factor; (e) study and determination of 

losses and capacities of water distribution systems; (d) determination of 
— losses and capacity of comparatively large water tunnels; (e) study te, a 
of turbulent flow and its to liquids” (turbulence Toss, 


plex passages such a as those of hydraulic operating systems of large valves; 

(h) study of the pressure distribution and losses for various shapes of 
_ inlets; (¢) capacities and hydraulic characteristics of certain types of fluid — inte 

meters (nozzles, orifices, etc.); and ( js study of the diffusion of air jets and its pas cao 
application to such structures as submerged sluice gates. ond bas, 


seems to have been done mainly by German and Swiss engineers in the cee 


‘Turbine and Pump Design.—Air testing in connection with turbine design 


a 1930’ s. A great deal of their work was published i in Swiss technical papers,* ae 
that contained the comparison between aerodynamic and hydraulic tests shown 


ue 
States, for these companies still use water for testing their models. The same i 
true of United States pump manufacturers. Tigh hy 


or 


Large Water Tunnel Design —An unusual instance in n which air has been used 


Mie, ‘Fluid Mechanics,” by Russell A, Dodge and Milton J. Thompson, McGraw-Hill Book Co., be 
*“‘Aerod ky ische Versuchsanlagen fir Hydraulische Keller, 
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“tunnels was discussed in papers®° given by two F : 


for Hydraulic Structures Research in Grenoble, France. These tests were made A 
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before the tunnels were placed i in operation and later checked b by hydraulic tests. 
<5 The test was performed by passing air through the tunnels while taking measure-_ a 
ments of pressure changes, ascertaining the | loss coefficients, and computing 
the tunnel “capacities. agreement was found the results were 


jis _in this case actually proved the adequacy of parts of the system before construc- “ae i: 
tion of the entire system was completed as is necessary for water tests. Such air 
_ tests permit an on-the-spot check of a system before the contractor has moved pm 
= from the site and any deficiency could still be corrected at a minimum a cost. mils es 
Turbulence Testing - 
q ae (at Iowa City) laboratory to study fundamental laws Pine ay with turbu- _ 


lence. Air is used instead of water because suitable instruments have been 


developed for measuring turbulence in air while instruments for measuring 


& 


Characteristise of H ydraulic Outlet —The Bureau of Reclamation 

Hydraulic Laboratory at the Denver (Colo.) Federal Center first employed, 


this type of testing to study the flow characteristics of a diffuser cone. — Later i it E> e. 


_ the deficiencies or advantages of the existing and proposed physical arrange- 
: ¥ ‘ment and dimensions of the water passages in regard to the capacity and possible — ha 


Ee _ In one case the time required for the closing and opening eycle of an outlet io 
| 


= 


a mechanism. A very simple representation of ti this mechanism was constructed _ Wd 
be a of wood and sheet metal and tested with air. . The results proved very catis- a 
ea 4 factory, and req required less work and a fraction of the time required for hydraulic, 

: tests. Tests i in the laboratory have included the study of the pressure distri- va ; 


ae bution in the rectangular entrance to a conduit having a radial gate f for regale-., 2a e 


branching penstocks. Comparison of the results of these air studies with water 


> 


MISCELLANEOUS Factors AFFECTING Low Vetocity Arm Tes 


Turbulence, —Some very interesting “pertinent to 
brought to light during the studies just discussed. al 


___-_In the initial air tests on diff users an unexpected discrepancy was noted in vel 


results when compared with the results of water tests. Fig. 4isa . plot of this . 


*“*Prédétermination de la perte de charge dans une canalisation d'eau sous pression & partir de 4 
celle mesurée sur la méme canalisation parcourue par de l’air,” by G. Remenieras, Paper III-2, Third bird 
of International Assn. for Hydraulic Structures Research, Grenoble, France, 1949. THIN 
__ 10“*Prédétermination de la perte de charge dans une canalisation d'eau sous pression & partir de _ a 
celle mesurée sur la méme canalisation parcourue par de lair; contréle la validité de la méthode sur > - 
it Galerie d’Amenée, R. G. de l'usine hydro-eléctrique de Pont-Escoffier,” y P. Bourguignon, Paper III-9 E 
Mesting of International Assn. for for Hydraulic Structures Research, France, 1949. 


© 
im a checked hydraulically after the system was placed in operation. The air tests a e 
turbulence i in water are still in the experimental stage. The diffusion of an air : ; ua 
jet and its application to submerged gates is of this university's 
was used to investigate the hyd raulic properties of outlet valves to determine 


needle valve when operated hydraulically was under ‘study. _ The speed of the 
- ‘cycle was governed mainly by the capacity of the flow passages of the operating q 4 


tion and the determination of loss. coefficients for a complicated system of 
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‘test. t. Th “The air tests indicated ec more loss in the diffusers’ than did the 
2 water tests. In an attempt to introduce an additional loss ahead of the diffuser =. 


7 
_\. Case I With Wire - 


25 
nee, in 


~ was almost nonexistent without the basket i in the i » incoming air r stream because 


a 
nside Diameter of Pipe 


12 In. Radius 


Guide Vane 


o of the ae that used the entire volume of the laboratory as a supply 
a 


mn for Case II, and the tests epeated. 
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of a virtually at the beginning of the model, 
Ba which first occurred ene in wit air test, rarely, if ever, is encountered _ 


(a) EXISTING OUTLET 1 1:83 HYDRAULIC MODEL | 
—_ 
— 
* 2 
| 
— Absolute Pressure at E! 5500; 28 Ft of ater — - 
With the new arrangement of the air supply a 
flowing through the diffusers, there was a marked change in t 
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; vin a a hydraulic problem. This is the re 


verse of the case in aerodynamic | works 


improper turbulence. wt Talc 
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Cavitation —Several items of interest were discovered ‘the Bureas 
"Reclamation mapantanty during the air tests pertaining to the design of outlet — 


— 

— 30% Open 
— 
: 
— 


LOW VELOCIT AIR 


alterations to eliminate cavitation. Fig. 5 shows the | general 7 
sions of the aerodynamic model for a 58 in.-balanced valve in the outlet diddiier io. 
a _ of Shoshone Dami in Wyoming. . The air tests were completed before a hydraulic be, 


a “model could be put in operation 1 and were used as an expedient to obtain design ey 
information: until the hydraulic model was constructed. The tests were 


in operating the 1 valves at op openings that v would cause a minimum of cavitation “ie -. 
7 he operation at these openings proved highly successful in reducing the cavita- 
It is not within the scope of this paper to discuss the construction models 
for air testing. However, it is pertinent to note that it modeling clay i is as useful * ¥ 
= to the engineer using low velocity air r techniques as as the eraser is to the - 


e Vapor Pressure —From the r the results of the tests on the balanced = it may 


in the prototype system, the are not so reliable > quantitatively = 
s. A com- 
of pressure factors for pressure intensities at sven polhite for 
4 various 0 operating conditions show excellent agreement i in the case of the stream- am 
| design and sizable discrepancies in the design where cavitation was a 
leading to discrepancies of this nature is that 


where separation is present. 
Effective Head——Another interesting fact 


noted during a study of the e calibration of two 
small valves using both air and water was 


* 


| 


ch shown i in Fig. 8 it was necessary to install an 
additional piezometer in order to m measure fhe 
effective head on the valve, mainly because 
the use of air actually represented a sub- 
merged condition which was not the case in 
the hydraulic tests. _ Without this piezometer the results would have been mis-— 
a leading and would not have compared with those from the water tests. 
a i ate In another instance it was found necessary to remove an apparently essential — 


i of the test valve in order to make it represent the hydraulic conditions — - 


whieh would be present in the field structure. 


pe 
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the’ ‘reece valve. Inthecaseof fo 
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checked Dy Water Lesting OF & Scale Model & 4 
— li When materials for making the indicated alterations | 
in excellent agreement. When materials for making the indicated alterations 
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— 
~ 
oe aa systems when air is used as a test fluid, when there is little chance for vapor ft. on 

— 
a! | 
“al 
4 
vould 1 he actual hydraulic cond- 
y = would represent the actual hydraulic condi- = 
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No doubt are involved i in proper representation of 


boundary conditions influencing the application and accuracy of air test results 
that have not been discussed in this paper. ‘The factors presented here are ES 7 
_— ther readily apparent from an examination of the physical relationships in- 
volved or | those encountered by the Bureau of Reclamation Laboratory or other i: 
engineers who have conducted low velocity, air tests for solving problems of a 
hydraulic nature. It would be interesting to hear from others who have had 
a, with or have knowledge of hydraulic problems being solved by low — a 


low velocity air testing of hy draulic a vey useful, 


don of a hydraulic system will, therefore, i in most cases still be its successful _ 


operation u under hydraulic conditions. 


sat 


rane 
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so if it will ever be used extensively or result in accomplishments of a8 g##§ i 
A re sensational nature. It is used mainly as a substitute for hydraulic tests an a a 
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p W. AprEL, uJ.M ASCE— —Although ‘the ‘author emphasizes the 
use air tests in problems of hydraulic design rather than i in fundamental 
= hydraulic research, it is still difficult to justify the indecisive nature of hiscon- _ 
ae clusions. His discussion of the limitations on the use of air for hydraulic model = . 
tests, although incomplete, is more detailed than “Recessary, since tl the general 
principles of hydraulic similitude—which apply to ‘any fiuid—have long since 
been verified and are now generally accepted. — In particular, the ‘ ‘miscellaneous — 
‘ factors” ' which he lists as affecting air tests are all embodied in the general re- Na 
"quirements for similitude and i in themselves introduce no uncertainties in 
air-test results. Ih every case where discrepancies in test results: were ob- 
Bi served, one of these requirements was not met. After removing this un- 3 
certainty as as to the existence of unaccountable factors which may aff affect air-test ‘9 
= results, one ‘can n only y conclude that air tests should play an ever-growing role 
in hydraulic design as well as research, 
‘The general principles of hydraulic similitude were established, confirmed, 
pel and accepted by the profession a long time ago. . The a author’s assertion that 
=: _ these do not prove that air can be substituted for water in determining the f 


scale and rate of flow. To establish similtude, certainly it is neces- 
Bs sary to consider those properties of air, as a gas, which differ from those of 
water, as a liquid. x These differences were given in the first part of the paper: = 
j Air is compressible, cannot maintain a free surface, and cannot become i 
continuous; whereas water is assumed to be incompressible, can maintain i ' 
surface, and becomes discontinuous when the vapor pressure is reached. 
ap The limitations due to each of these differences were considered. The com- 
Pa -_ pressibilty effect was then found to be negligible for low to moderate velocities; ; a 
aoe - closed systems were assumed in order t to avoid free- surface eff effects; and it was 
ie indicated that only qualitative results can be obtained when cavitation occurs 
in the prototype. In other words, for tests of closed systems, where air veloc- pe! 
ities in the model are not high and pressures in the prototype are above the — 
vapor pressure, the well-known } principles of hydraulic similitude should 
to perfect similarity bet between model and 
plained in terms of well-established limitations. For example, the 
5 valve tests represent a case in which a free surface exists in in the prototype which “* 
3 fe zs, a cannot be reproduced in the model using air. It is significant that comparable i 
Be ess _ results were obtained in spite of this by selecting suitable points (using the — 
. principles of fluid mechanics) for measuring the effective head. The difference - 
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in the flow, should be attributed to geometric dissimilarity between the model — 
a prototype. — _ The results, using nonturbulent flow of air in Case I, could be 
ay _ reproduced equally well using | water, | by having the diffuser supplied directly 
- from a large tank, thus eliminating turbulence from the approaching flow. The 
_ selection of the proper arrangement 0 of equipment depends on the arrangement 


3 in the prototype. [ - Geometric similitude requires that the flow system on either — 


- a: aide of the test section be similar, or at least equivalent, in the model and pro- 
a totype. ‘This will be sufficient to make sure of correct results in nearly all tests 


of hydraulic ‘models. ‘The exception v will be the case in which viscous effects “4 
are not negligible, as was assumed by Mr. Ball, and similitude of the _—— 2 he 


«Tt is evident from these examples that careful consideration must be given 

to all factors that may influence the flow in a particular model. — ‘Similitude— 

4 ‘in al all models—whether tested in air or in water—is usually only approximate aR: 


due to the practical necessity of ignoring various secondary requirements. — A so 


ad ‘comparison of the precision desired in the results with estimates of the e probable . 
q deviations from perfect similitude should indicate whether additional tests are 


_ The advantages | of using air instead of water i in model tests were cited i ina a 
paper by Hunter Rouse, M. ASCE, in 1947 ps which emphasized i in particular” s 

_ the simplification of many phases of instrumentation which the use of air — 


mits. ‘The availability of more highly developed and se sensitive is an 


the hot-wire anemometer can be used to: make 
cannot readily be obtained in water at the present time. 
__‘The list, given by Mr. Ball, of the types of 


emphasizes the uses of air in model tests for the design of hydraulic structures. — 7" 
‘The importance of the uses of air in fundamental hydraulic research warrants — 
Basest: attention to this phase of air testing. (To. indicate the wide variety of — 
problems that have been studied i in air, examples of ‘investigations 
"Phe early experiences of the staff of the Iowa Institute with air tests during . 
World War iT have been described.” The Telativ re ease of conducting the air 


—- tests compared with similar water tests was so apparent that air-flow equipment | ‘ 
has since been explained and applied to many other problems. Two of these 
epi 

were mentioned in the p paper: The investigation of flow Shroneh screens and i fee. 


baffles, 13 and the investigation of the diffusion of submerged jets.* One sig- — 


12 "Use of the Low-Velocity Air Tunnel in Hydraulic Research,” Hunter Rouse, Bulletin No. 31, 
4 


»M. L. Albertson, Y Y. B. Dai, Dai, R. A. Jensen, and Hunter Rouse, ts a" 
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APPEL ON LOW “din 

are applicable where 

. ~§ ever these flow situations are encountered, in the flow of water just as much as st 

ve in the flow of air. The results obtained give hydraulic engineers all the basic 


information they are likely to need for flow of these two types ‘without recourse _ 
supplementary tests with water, 
_ _ Another extensive investigation has been made of the ‘development of the 
boundary layer on both smooth and rough surfaces.!&1* Here again the ex- 
perimental results are being obtained from air tests. These are of immediate 
a importance in the problem of predicting the underwater drag of ship hulls and 
will undot ubtedly be applied in the design of hydraulic structures in the future. 
The results of the air tests have already been used by William J. Bauer a 
if M. ASCE, in an investigation of the growth of the / boundary layer in the © 
accelerated flow of water in steeply inclined channels. 
In connection with another project at the Iowa Institute, it was 
4 to determine, experimentally, the best head form for a cylindrical body which 
wie would make possible a simple indication of t] the magnitude and inclination of ae 


velocity of flowing water by measurements of pressures 3 at suitable locations. 


q 


large number of head forms, such as blunt, partly rounded, hemispherical, 
- ellipsoidal, ogival, and conical, were tested i in a small open- -throat air tunnel to 

the pressure axons nd the head forms at different angles to 

_ the flow. The work in running the tests in air was only a small fraction of 2 

would have been n required for "tests: in a water tunnel, a and the results 

oe) af agreed with the few data that were available from earlier water-tunnel tests. 
‘ena The usefulness of air tests for the prediction and elimination of cavatition 
8 ‘is illustrated well by | the tests on outlet valves described by the author. | sd Often, 
cS Sears can be taken of er models for this type of test. At the Towa 


a much finer detail in the local pressure measurements but also a relatively — 3 


convenient control of the velocity distribution in the boundary layer to deter- 4 
mine its effect on the pressure distribution, = 
eos ek Air tests have also been used to obtain data about gravitational phenomena 
in which the Froude criterion for similitude is just as applicable as it is to flow 
problems involving a free liquid-gas interface. In ‘Several instances the free 


 conveetion ‘above sources of heat was studied, for | convenience, in 20,21 


_ Ks Exploratory Investigation of Boundary-Layer Development on Smooth and Rough Surfaces, 
“by W. D. Baines, thesis presented to the State University of Iowa, at Iowa City, Iowa, in August, 1950, in 
partial fulfilment of the requirements for the degree of Doctor of Philosophy, = 
46 “An Experimental Investi of the Boundary: Development Along a Rough Surface,” by 
{ ec L. Moore, thesis presen the State University of Iowa, at lowa City, Iowa, ih August, 1951, in 
fulfilment of the for the degree of Doctor of Philosoph 7 


| 


par 
i = “The Development of the Turbulent Boundary Layer on Steep Slopes,” by William J. Bauer, thesis 


ae era to the State University of Iowa, at lowa City, -_™ in August, 1951, in partial fulfilment of 


the requirements for the degree of Doctor of Philosophy, = 
4 


“Cavitation and Pressure Distribution at Gate Slots,”’ by Aristokli zo, thesis presented to 

: “tate University of Iowa, at Iowa City, Iowa, in June, 1949, in partial fulfilment of the requirements for — 

49 “Gravitational Diffusion From a Boundary Scource i in Two-Dimensional Flow,” by Hunter 

a Journal of Applied Mechanics, Vol. 14, September, 1947, p. A225. 


“Gravitational from Line Sources, by Harold w. Humphreys, thesis p 
_ State University of Iowa, at Iowa City, Iowa, in February, 1950, in partial fulfilment of 
for the degree of Master of Science. Wes 


— 
: 
— 
— 
om 
f 
i. 
— 
- 
— 
4 
niversity of lowa, at lowa ty, lows, in August, 1945, 1n partial fulhiment of the 
resented to the 
— — 


APPEL ON LOW VELOCITY AIR — 


‘the being ‘applicable well in water, whether 
- by the addition of heat or (inversely) of sediment-laden liquid. _ In another — 


the fall velocity of spherical particles in cylindrical container of 
- liquid was being studied as the ratio of the particle diameter to the diameter of vg 
[: the container was varied . Practical difficulties were met in these fall-velocity Meee 
experiments when relatively large spheres were used. Therefore, dynamically 
similar a air tests were made with the spheres" fixed in an air pa passing 
through a short cylindrical duct. Instead of measuring the fall velocity, 
' ‘ pressure measurements were made to determine the drag of the spheres, which a 
in turn could be related to ) their fall velocities. mo A large scale was chosen for 
the air-test model for convenience in construction and to obtain high Reynolds 
numbers, an advantage in the use of air tests noted by Mr. 


a | one current thesis project air flow i is actually used to simulate the non 
uniform | flow of water with a free surface. "Impossible : as it may seem at a, 
the distribution of turbulence in the hydraulic j jump is being studied in this © — ray 
ee manner. This is done by shaping a closed-conduit transition according to the ie 
profile of the jump : at each of a series of Froude numbers. The: similarity of — 
> the flow pattern is checked by measuring the pressure distribution on the — 
boundary representing the free surface and comparing this with the distribution — S 
- corresponding to the assumed hydrostatic conditions within the j jump. Pitot ee 
traverses will be used to verify the mean velocity distribution at various sec- eS 
et tions and, finally, hot-wire anemometer measurements will give the distribution _ 
of turbulence. ‘The extra work involved in using air in this case is warranted by 
only because a reliable instrument is not yet available for eran the various wa “ail 


Besides these examples of the use of f air tests in it is obvious that 
“Ge flow may be very convenient for demonstrations, student instruction, and : ae 
- the preparation | of motion pictures, particularly when the flow pattern is to be pate a 
: 4 observed by means of foreign agents. Disposing of air containing smoke, 
or chemicals is no problem, whereas cleaning or disposing of contaminated water 
may be very difficult or uneconomical. The student laboratory equipment at 

5 the institute includes a small air tunnel and an air-pipe assembly for the pur- e 

7 pose of familiarizing students with the advantages of air tests and their appli- ged 

cations in hydraulic problems. Two other air tunnels and supplementary 
blower systems are available for more extensive applications. 
vm It is evident from the tests cited in the paper, as well as from the inva 

gations mentioned in this discussion, that the use of air as a model fluid provides o 
a convenient and economical means of solving many problems — 

‘ design and in hydraulic research. These examples are in accord with the « es- 
tablished fact that practically perfect similitude can be obtained in a large 
number | of problems in which there : are no free-surface or cavitation effects. 

Moreover, even when such close | similarity is not a practical possibility, ie. z, 
of air for qualitative or exploratory st studies i is s advantageous, The availa- 

q bility of highly ‘developed, sensitive instruments permits to be 


made quite simply in air and, furthermore, makes possible studies of turbulence 5 “s 


= he: _ “Drag of Spheres Within Cylindrical Boundaries,” by John 8. McNown and John T. Newlin, Pro- 
ceedings, U. National of Applied Mechanics pending). ied 
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 inair cannot be made in water at the present time. Inspite of 
conclusions to the ¢ contrary, the writer predicts that t the “many advantages 
accruing ing from the use of air will result in its playing an increasingly important 


el James W. Batu,” A. M. ASCE.— —Many excellent examples of low velocity | 
Ral air testing have ‘she presented by Mr. Appel. The work cited i is extremely — 
and indicative of the many outstanding facts and | principl les in 
uid mechanics that can be established by this type of testing. g. The introduc- 4 
tion of similitude increases the scope of the paper to include the fluid pp 
viewpoint. The paper is not a dissertation on similitude; neither does it misuse 
or advocate the misuse of this most valuable tool. , The proper representation 


of boundary conditions is stressed as these are very important in attaining 
Similitude i in an low velocity ai air testing as in hydraulic testing. Some 


——— not stated explicitly, the paper was written from the vie 7 


point of view for engineers who are fearful of using com 
solving problems relating to incompressible flow. is no intention 
7m implying that the results of air tests on hydraulic systems must be regarded ee ; 
suspicion; rather, it is intended to encourage the use of air tests, but to 
caution that boundary conditions must be selected carefully. One of the 
ae a “most important factors retarding the use of low ‘velocity air testing of models 
a. or full-size hydraulic ¢ structures is the problem of persuading hydraulic and 
‘design engineers to apply c compressible. fluid test data, confidently, to problems 
incompressible fluids. This reticence results from unfamiliarity 
with fluid mechanics and compressible fluids. definite effort must be 
‘made to offset this factor when introducing : air tenting in laboratories where 
7 most of the problems concern incompressible flow. The paper represents such i 


it is not expected that outstanding hydraulic designs will be developed by © 
‘direct testing with a low velocity compressible fluid, although the designs 
ae be influenced considerably by similar tests which have established certain 2 = 
4 fundamental principles. Until the hydraulic engineers and designers are con- — 


_vinced that tests with low velocity air are as reliable as tests with water, they 


. - will insist on a check i in the field of work, with which they are familiar 


Hydr. Engr., Bureau of Reclamation, U. 8. Dept. of Interior, Denver, Colo. 
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RADIOACTIVE ‘TRACERS | 


saat By HAROLD A. THOMAS, JR.,? AND RALPH Ss. 
Hi, 2 J. M. ASCE 
Discussion By Messrs. Conrad P. Straus AND Donatp A. PecsoxK; 
ALFRED C. INGERSOLL; AND A. _THomas, , AND RALPH 
ARCHIBALD 


- A A method of determining the magnitude and effect of horizontal mixing o.. 
pipes and tanks is available to the engineer through the use of radioactive — 
tracers. These materials have shown many ‘advantages over the commonly — 


accepted use of salts and dyes. nan giver 
Tar The foremost advantage of radioisotopes is the ability to detect them in 
- minute concentrations, eliminating misleading density currents that may cect 
Bi when brine is used. In addition, precise methods of detection are available, 
a and, i in some instances, it is not r necessary to take samples of the fluid being tested. ee - 
The paper developes a longitudinal mixing parameter that characterizes 
given system and gives examples of its use. The experimental results. 
Reported and nd analysed, and techniques are briefly discussed. 


of discharge. In the Allen? salt-velocity or 


of salt solution is abruptly injected into the flow, and a measurement is made of ie 


he time taken by the salt slug to travel to a downstream station. In sanitary — 
a engineering research, this technique has another and more ‘mpattans applica- 


; _ The phenomenon o of ‘ ‘shorteireuiting” of flow in the passage of fluids through — 
onduits, streams, tanks, and lakes is the result of three factors: (1) | The t non- 


_ Nore.—Published in August, 1951, as Proceedings-Separate No. 84. Positions : and titles given are 
those in effect when the paper or discussion was received for 


2 Engr., be Pipe Sale Cun. “Boston, Mass, 


ee *“The Salt Velocity Method of Water Measurement,” 
Vol. 45, 1923, p. 285. 
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Sak anttorm distribution of velocity caused by the curvature of and the shear at the a 


“solid boundaries of the flow; (2) eddy diffusion engendered by the turbulence of _ 
the moving stream; and (3) irregular displacements due to wind, local densit 
* differences, sludge removal mechanisms, boats, and pumps. . The mixing from = 
'- sources causes the tracer cloud to disperse as it moves downstream. ‘This 
action may be depicted diagrammatically for a one-dimensional flow system i in a 


which the qrigin ‘Tepresents the pees, of injection of the tracer, as shown in 


a 
LL, 


Fia. 1.—Space DisrrisuTion oF TRACER 


_ mixing action causes portions of the fluid to travel to a downstream station with ey 


velocities many tir times larger than the average velocity. time required by 
" “different portions of the flow to travel to downstream stations may be measured 
by observing the rate of arrival of the dispersing cloud of tracer. This may be 
in types of ‘diagrams depicted in in Fig. 2. The time 
At Point B oi 


“distribution is asymmetrical because the slug continues to 
pe during the period that it is passing the observation station, . 


n comparing the degree of longitudinal | mixing in different flow v systems it is 


" a flow time (7) is generally taken as the arithmetic mean time of flow that may be 
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r and ¢; is time | which the is 


= 


* 


in which Vi is the volume of the fluid the reference The 


= 
average flow time is the abscissa of the centroid of the time-concentration dis- 


© 1 


The importance of longitudinal mixing is due to the fact that 
ous and | objectionable substances in water, such as pathogenic bacteria, human ; ; 
i excrement, putrescible settleable solids, and radioactive wastes are destroyed — 


_ (or removed) at rates approximately proportional to their concentrs 


mas water the rs rate of disappearance (or decay or die-away) of such ‘substances — Pe 


in which 1 u is the concentration at time t (uo representing the initial | concentra- >, 


- tion), k is a constant that may readily be determined experimentally, , and e is 
> Napierian base of logarithms. The more c complicated case of the cee. 
When w rastes of these types : are faced in itvbiation, pipes, or tanks, the downs 
2.” stream concentrations may be considerably higher than those given by Eq. 3 
when | t is taken as the average flow time. | This i is caused bys short-circuiting. in oe 
flow. The efficiency of ‘sewage treatment, water purification, and disin- 
fection systems, a and the capacity of streams and ponds for handling pollutional — 
depends to a extent upon the amount of longitudinal 


it 


~ _ lower downstream concentrations than those attainable i in moving water. 
iL « Some idea as to the possible magnitude of the short-circuiting effect r may be 
gt had from an example. a Assume a chlorine | contact tank for the Protection of a 


H wer iti 


7 bathing deach has a detention period of 10 min and handles ‘settled | sewage 


containing 1,000, 000 coliform ‘organisms per ‘milliliter. The tank is provided 
with 9 transverse baffles. Laboratory tests in still water determined that coli- 


fo orm organisms are destroyed by the chlorine i in » accordance v with Eq. 3atarate 
-_ corresponding toa k of 1. 0 per min. The density of bacteria in the effluent — 
_ may be calculated @ by assuming that no mixing takes place, that is, the fluid a 


moves as a ‘unit, or (6) by assuming that violent mixing occurs ‘and that the — 


bacterial concentration in the tank in all Tegions is uniform. 
ir 
Ina wi with assumption @ the e coliform in the would 


= 10° 
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» 
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— 
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— 
— 
trations found downstream laboratory tests nerformed in still water 
ia 
48 
| 
— 
| 
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‘ 
| 
: 
a So accordance with assumption (b) the density would be given approximately 
the expression us = Lee + + + in which it is assumed 
ar that as a result of the violent mixing the effluent. consists of ten portions having — By 


ney average detention times of 0. 5, 1. 5, +++ 9.5 min each. A more accurate ex- 


pression is given by the equation = — dt : = 
per ml, The effect of longitudinal in this case a 


a on ial density in the effluent of 2,000 times that occurring with no mixing. Actual. | 3 


ly the tank would give a performance between these limiting values. However, 
ed many existing tanks tend to perform more nearly in accordance with the fe 
Bets assumption than the first, amt longitudinal mixing may seriously i interfere with a ; 


‘ 


the efficiency of disinfection. 


The mixing of a tank or stream may be anticipated from the 

id concentration-time distribution characteristics of the system obtained in tracer 
tests. The average concentration (a) of a foreign substance at a downstream i 


station in fend Som may be computed by the formula 


Bat slope of Fig. 2(6)) passing the observation point during the time interval dt. 

The value of u can be found by Eq. 3. 
i wil computed by an arithmetic integration of Eq. 4,0 or it may be approximated bya ee 

simpler procedure. Many time-concentration distributions, it has been 


a in which N is the coefficient of quiesence, a parameter that depends upon the 
. _ degree of longitudinal mixing. . For fi flow systems in which the 1 mixing is very | 
Ree N ‘approaches: a limiting lower value of 1. 0; for systems in which the 
% a : ‘mixing is zero (uniform, irrotational flow) N equals infinity. Test results for " 
ordinary tanks and ponds show N-values range from 1.2 to about 6, depending — 
upon the shape, baffling, inlet and outlet arrangements 3 of the tank and th 
amount of stirring induced by wind, density differences, and sludge removal | 
og _. A number of different procedures may be used to evaluate N from a partic 
Ss 3 tracer time-concentration distribution. The simplest method of ‘fitting 
Eq . 5 consists of making the means and modes ¢ oe the theoretical : we phernae : 
fa, This leads to the relation 


(9 


fon 


L® 
- 


— 
on 
— 
— 
— 
— 
— 
— 
— 
an 
= 
— 
th 
(3 
th 
4 


mean time of flow is tie? of the distribution, ‘and the 
time is the time corresponding to the peak concentration. 
- Integrating Eq. 4 by using the values of u and p as given by ot 3 susie Eq. 5, i. 


5 


— } remainin; in 

“the flow as it passes the downstream section, for various values of k T and N, 5 

: 


= _ Values of the relative proportion of-the concentration 


TABLE L— PERCENTAGE INITIAL _ CONCENTRATION REMAINING 


An application of the formulation embodied in Eq. 7 is is given i in the following ite 


a mall pond of 6 acres, with average depth of 12 ft, ail settled sewage 


- from a village of 1,800 persons. During a period of low summer flow of 11 cfs. re *} 
the average ultimate BOD of of the outlet is 2.42 ppm. _ The temperature is. 68° 
F, k is 0.44 per day. Assume 0.25 Ib per capita per ultimate BOD. wit 
es Calenlate the short-circuiting parameter N: V = volume of pond “a 
= 3, 130, nuh cu ft; Ts = = theoretical detention period. = pont = 


Then, substituting in Eq. 7 = 0. 1+ 


if aks 2 Calculate the BOD in parts per ‘million at the mill pond outlet a 
construction of a reservoir upstream that is operated so as to increase the rT 
_ ‘mer flow to 25 cfs. — The increased dilution will reduce the BOD concentration ; 


BoD in pond effluent: = 
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a 
| 
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| 
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| 
| + 4 
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| 
~ (25) (86,400) = 
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the | effect of longitudinal mixing in a simple approximate way. : 


more a roach i is resented i in a succeeding section. 


Prior to the production of radioisotopes i in substantial quantities from atomic 


on solid : surfaces or else react with ‘er dg substances in the water to such an an ex- 


ae tent as as to cau cause & color change. sc In 5 general both salts and dyes 1 may con- 


oo veniently be detected i in the flow if their concentration exceeds about 1/10 ppm 


+ 


recovered at the downstream station was found to be significantly 

: toe smaller than that added to the flow. Asa consequence, in early tests the so- 
_ ealled actual flow times, obtained by determining the centroid of observed 
time-concentration curves, were often much smaller than the theoretical 


average flow times as calculated by Eq. 1 or Eq. 2. From this it was 


that dead spaces of stationary fluid existed i in the flow. Recent tests with more 


ordinarily exist and that some | mixing occurs in all parts of the flow. - The so- E 
called volumetric efficiency (actual flow time divided by theoretical 
time), therefore, is really a measure of the sensitivity with which 
tions are measured rather than the effective volume of a tank or basin. When ig 
sensitive instruments are used, together with ‘suitable tracers—ones that are not 
adsorbed or changed by reactions with other substances in the water—it has es , 


that actual flow times approximate the theoretical average time of 


Radioisotopes have a advantages over the various salts and dyes that ‘have’ 


been used as tracers. These may b be listed 


They may be detected in extremely small concentrations. A good 
_ count (100-1, 000 disintegrations per min) may be obtained from samples taken 


| 
4 i. oe b. The presence of radioisotopes may be readily and positively identified by — 
3 modern counters of many types. Radioisotopes from natural sources ay 
bet i. occasionally be detected in water, but they are normally found in very small q 
4a a.) ae amounts | and do not interfere with the: identification of the tracer. The 


precise results. 


aad 


. 
— 
— 
ae substances had disadvantages that under some conditions seriously impaired _ pe 
the value of test results. In testing a sedimentation tank, for example, 
brine solution introduced at the inlet often would cause density currents that 
— 
— 
| 
— 
— 
— 
liter. In one test on a pond with a capacity of 18.3 acre-ft, only 5 ml of a 
= 
q 


In hydraulic and the like, the passage of the tracer, 


eloud 3 may be detected by radiation (gamma rays) ¢ coming 
-.. walls so that it is not necessary to sample the flow. 


the rate of disintegration o of a radioisotope ; temperature do not ‘affect 
the rate of disintegration. _ Moreover, adsorption of the tracer on solid surfaces ro 
can be made a negligibly small factor with a suitable choice of isotope. _ ‘7 


tracer selected for 


vit 


s and has sufficient activity for a tracer cloud having a rns of 250, 000 a eae 

a 1-131. gives off both beta and gamma rays; the latter were found to be suffi- - a 

ciently penetrating so that detection was possible through the walls of small 

Iodide is not readily precipitated, adsorbed, or chemically changed by 
substances normally occurring in water and ‘sewage. - Another merit of I-131_ ; 

a was the fact that it yields a linear relationship between concentration and count < & 

ra ae! Most important of all, I- 131 has a half life of 8 days, which i is about ideal for (ar 


: 


this form of tracer work. ‘The half life of i isotope is the > period required for ee 


= of 16 days a strength of 5 with half 
undesirable because if accidentally spilled or ingested they may be expected to 
remain active for long periods, giving off radiation that interferes with _ ‘ 
that may even be dangerous to the health of laboratory "personnel. — The 
short-lived elements, on the other hand, are apt to be expensive, since much of 
thei energy may be wasted by disintegration during shipment or delays . 
a One disadvantage pertaining to the use of radioactive tracers as a earn | 
4 research tool is the hazard to the personnel when overexposed to radiation. — 


exposure may in. cancer, genitio effects, and other 


radiation received, and ‘constant eare in handling of radioactive solutions to a 


7 , The Atomic Energy Commission‘ has published tolerance limi ts for various 


d forms of radiation, and organizations using radioisotopes are e required to to comply _ 
witha number of segulations 20 relating to personnel protection. ' The amounts of 
¥ radioactive material necessary to perform flow tests of the type in this 
‘paper were small relative to those common in other f forms of research, and the a a ; 
safety measures observed were probably more stringent than really 1 necessary. 


ee To test the use of radioactive ¢ tracers in the salt-velocity 1 method in nconduits, — 1h ee 


both field and laboratory experiments were made. Both types of tests were. 


_  4*Interim Recommendations for the Deposit of Radioactive Wastes by Off-Commission Users,” 
 Teotopes Division Circular United States Atomic Energy Commission, Isotopes Division, Oak 
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successful, but the laboratory results are the m more 


and informative. These laboratory tests were performed on a straight length of se 

a L. 25-in. pipe. The radioactive solution was injected quickly into the flow at an 3 
upstream Wine and points on the curve of the concentration were detected by a 


TABLE. 2- —RapioactivE TRACER Data, Pree ‘Levers = 94 Feer 


Thporetionl Average time 
flow, T pe ey (percentage percentage 


| 2,180 - 292.6 70. 


Geiger against the pine at points along the conduit downstream. 


Thus by varying the flow rate and the distance from the source, the variation 
roa in the cloud spread could be noted i in relation to. distance and flow rate, ah 
Tables 2 | and 3 illustrate these changes. In Table 2 the variation of 


| 
| Pete with flow rate is shown. All of these \ values were obtained at a ood 
TABLE 3 —Rapioactive TRACER Data, ConsTaNT Fiow. Tests 
“<a 


~ 


(percentage (percentage | mode 


Mode ey First trace Average time "Height of x 


did 


(a) Rernotps NumBer = 14 


“or | wo | wr | 


— 
— 

— 

— 
nig 
= 
— 
a 
the mode (time of maximum intensity of radiation), that is given in terms of the = 
theoretical time of passing, increases quite rapidly with the Reynolds number 

_———- jj and is thus quite unreliable as a measure of discharge. The mode is of | = ae 


7 
in studies. for this purpose, but the of tests show ane error 
x of 20% could be expected. 1. The first trace of the cloud also shows the same ; 
2 unreliable characteristics. The average time of passage seems 


> i reliable at the higher Reynolds numbers and would seem to be the best measure 
ofdischarge of the group, 
_ In Table 3 the average time also stands out as t the best measure, although at 
low Reynolds n numbers it too is extremely ‘inaccurate. — The variation in the 
- relative height of the mode is also shown, and it is interesting to note the rapid 
decrease of this quantity as the flow becomes more turbulent. 


~ Results of a tracer test on a a rectangular primary settling tank of a sewage x 48 
« reatment plant are shown in Fig. 3. The tank has an average depth of 8.75 ft ae a 
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Effluent Weir 

- and Channel 


to Scale) 


Concentration of Radiotracer 


AL} 


int rie Ratio of Actual Time of Flow to Theoretical Detention Period 


-ConcenTRaT! N-TIME FOR A aT Sewace 
7ENTRATION: 


and at thot time of the test the flow 2. ne dink 
through a series of pipes in parallel and leaves over a 32-ft long weir. A tracer 
r dose of 5.4 millicuries of I-131 was used. The irregularities in the concentra- 

tion time curve are to be attributed i in part to small fluctuations i in the rate of 


Fig. 3) was 41 min. y The first sample _— at 10 min) exhibited a sesiieent Be 


time 
the radioisotope was added had only about 25% ofthe way across 
va the tank toward the outlet at the 1 time the first ‘Measurement was 


: 


— 
4 
— 
| — 
0, 

7, time ratio 1.2 was due to an increase in flow, but the other peaksarethe result 


bat 


A - the last 10% started through at 72 min, and the median flow time was 28.1 ‘ides 4 1” 
‘The N-value (Eq. 5) was found to be 3.0, indicating that a considerable amount = 
of of mixing took place. Hien oft je 
fic ag In Fig. 4 the cumulative time distribution of the tracer cloud is indicated. 
Toke ee a A typical salt-tracer (sodium chloride) test on another settling tank reported by — 


Charles H. Capen, Jr.,5 M. ASCE, is presented. The very shortflowtimesshown _ , 
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Test of Sewage Settling Tank =| 
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Ratio of Actual Time of Flow to Theoretical | Detention | Period a 


Fie. 4. —Comunative or FOR Croup 
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4, effect is to . attributed mainly to the density « currents | caused ed by the addition or 


eastern Massachusetts i in connection with an experimental to investigate 


“Study of Sewage Settling Tank " by C. H. Capen, Jr., Engineering News-Record, Vol. 
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RADIOACTIVE 


= 
‘organization. 
Many other flow tests were made in other tanks, pipes, 
ca sewers, and in streams and lakes; these are described in detail in a ar nae 
Mr. Archibald to the Freeman Committee. 


OF THE Dre-Away CurvE IN TURBULENT 


Ifa a waste, that in still water in with Eq. 3, is added 
at a constant rate at the head of a long stream, the concentration profile after 
if a steady me, has been attained will: decrease monotonically to to zero at ‘infinity — 
f downstream. An exact mathematical analysis giving the shape of the concen- | 
tration profile under general conditions is extremely complex. The = 
by assumptions are made to ‘simplify the formulation and do not greatly lessen the vi 
(1) The flow in the stream is steady, uniform, and two dimensional (wide 


which his is depth of the stream and the (the velocity a at 


7 


leads to the a constant in 1 the y-direction (normal t to the 


|} 

(4) The diffusion of substances in suspension or in 
q as water in water; that is, it is assumed the rate of 
direction s will be - ese assumptions lead to differential equation 
— du 

ku=0... 


“4 
— 
— 
— 
| 


oes ca ‘ in which « € is constant, v is given by Eq. 8, z is the direction of flow (positive 4 


= a dow nstream), andy is the direction perpendicular to the flow (positive upward). 4 
set of boundary conditions are the | following: 
(a) The waste uniformly mixed with the stream flow at a given initial 
| ‘ae concentration (us) enters the channel with a high velocity (as induced b 7 
Sty pump or weir) so that diffusion in the upstream direction against the current is 
impossible. Then for all y- -values at z= 0, continuity of transport requires” 


u ‘ov » uo in which ‘is the concentration in the channel ; at = 

ue and us is the concentration entering the are (upstream from the 


e concentration or all values of y atz = © is 
f Eq. 10 subject to the 


boundary conditions, with various values of the parameters c and e 


_ has indicated that the former has the greater effect on the concentration profile, : 
y upon the order of contact for higher values of 


oy 


“these are great, then the profile will differ markedly f from that obtained 
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STRAUB AND PECSO RADIOACTIVE 


ISCUSSIO N ke ot 
Conran P. ‘Srravs, 7 A. M. ASCE, anp Donatp A. Pecsox*.—The deter 
‘mination of flow patterns and mixing in tanks has been a problem which has + fe 1 
eonfronted design engineers for many years. As stated by the authors (see 
a Introduction”), salt and dye methods have been used, but the results obtained oe 
by” these techniques have not always been satisfactory. ‘The use of radio- 
a active tracers offers the engineer a convenient and simple procedure for study- 
ing the complex phenomena of hydraulic flow and evaluating some of the — 
parameters involved. Of course, equipment must be available for 
‘measuring the radioactivity in the p pipe channel itself, or in the tanks. 
| ment has been developed which makes possible the continuous monitoring er: 
of activity in pipe lines or in tank effluents. - With such equipment it should Loe 
} is be unnecessary to withdraw and measure individual samples. With future oe 
- development of immersion-type counting equipment, it may be possible to > a 


the activity throughout the liquid in a tank, conduit, or natural ural body 
of water. to antre? “patahe aged bed aottiaieb 


gained at Oak Ridge National Laboratory (ORNL), Oak Ridge, 
Tenn., in the use of carrier-free and carrier-added radioiodine-131 has indicated ‘i 
that carrier-free I-131 is added to activated sludges o or when passed 
1" through trickling filters, much of the I- 131 will be adsorbed or combined with — 
wi the organic matter. TI ‘These removals, which have occurred to a lesser degree 
with raw: sewage, are at variance with the statement by the authors (see 
fourth paragraph preceding “Experimental Results”): “Iodide is not readily 
precipitated, adsorbed, o or chemically changed by substances normally oc- 


a '- 


he curring in water and sewage.” It is assumed that the authors have reference as * 
. i to radioactive iodine in the iodide form, in weak basic sodium sulfite solution, a fe. 
a which is the form in which it is shipped from the Operations Division, ORNL. ; os q 
“5 . The ORNL studies show that the amount of radioactive I-131 removed from ‘pe 
aa 4 solution is dependent upon several factors, most pertinent of which are: The tee 
mt amount of organic matter in the medium used, the time of contact, pH, and the a 
Before use is made of any radioactive tracer for flow tests in tanks, natural “BE : 
basins, or channels in which sewage or industrial wastes may be present, it ae 
a would be desirable to run jar-test studies to determine the “take-up” of the 
Si. radio element by the material contained in the waste. . Such studies will also ce a 
4 provide data on the concentrations of the radioisotope that must be used. — For | 
example, if if it is found that 80% to 90% of the I-131 would be removed by the i. a 
E organic matter present in an aeration tank under investigation, it would be “re 
_ necessary to increase the initial dose by a factor of 10 to obtain desirable meas-— a‘ ee 
urable concentrations in the effluent—that is, concentrations comparable 


7 San. Engr., Public Health Service, Oak Ridge. Tenn. == 
*Senior Asst. San. Engr., Public Health Service, Oak Ridge, Tenn. Ye 
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ON RADIOACTIVE 1 TRACERS 


those that Soil have been obtained if there had been no removal of I- 131 <a 


a It is presumed that organic matter found in streams would react in a similar — = 
fashion. To reduce the uptake of activity from solution by organic matter 
the addition of carrier KI has been found quite effective. — Dosages as large 


as 10 ppm of KI have been adequate for this purpose. SMO 


. Since there is the possibility that I-131 may be volatilised and lost into’ the 
atmosphere, the use of this tracer is not recommended when longitudinal 


mixing is investigated, in tanks containing acid liquids or in acid ‘streams. 


_ The definition of half life given by the au ors in the thir paragrap re 
The definition of half lif by the authors (in the third p h pre 


“The half life of an isotope is the period required half of 


; i “The half life i is the time required fo for r the radioisotope to lose one half a 
of its total activity; that i is, the time required for one half of the original z 


the authors’ definition had been ‘stated in of total energy, 
confusion might have resulted. Actually, the energy released per disintegra- — 

‘tion i is constant and has no relation to the age of a particular radioisotope. ai 


ALFRED C. InceRsout, A.M. ASCE. —The authors are to be commended 
foro opening ‘a new channel in the field of tracer technology i in sanitary engineer: 
_ ing and for finding another peacetime use of radioactive isotopes. Radioactive 
“markers” have been used in many industrial applications since 1946, as in 
ie pipe obstructions and s serving as boundary markers for successive 
oe shipments of oil i in pipe lines. ‘The extension presented i in this paper, to quan- — * 


Py 
attacking p on the flow mixing tanks, aeration chambers, and 


Big In the example of the effect of longitudinal mixing in which a chlorine con- a 
a tact tank i is considered under the two extreme cases of n no mixing and of —_ ae 


= 


consisted of ten portions having average detention times 0.5, 1.5, - 5 min 


- each. . Such an assumption would lead to an average detention time of only 5. 7 = 


oo not seem incompatible with reality, in view of the whit te mixing which ay a 


a - causes much of the flow to be detained for less than half the nominal period, 


mr the fact is that the average detention time in the perfect mixing tank is equal © 


to the displacement detention time, or twice that implied by the aula 4 


The distribution curve of the individual detention times among the 


Asst. Prof. of Civ. Eng., California Inst. @ Pasadena, Calif. 


from ‘solution by the organic matter. Tests with raw sewage have indicated a: Re: ; 
=< a that from 10% to 20% of the I-131 could be adsorbed on the organic matter. a. 3 
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may he contiusing saithoug 1e example clarifies 1e statement somewha 
— 
be 
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tion-time distribution curve (fig. a)), which represents the probability or 


detention any fluid element at the influent. The -time 
; i distribution curve for the ideal mixing tank is given by the differential erat ae 


ng 


T 
| ‘in which c is the concentration at time t (co representing the initial crameunadie Pee 


e _ tion). vd Since the total area under this dimensionless curve is unity, the ares 


oh 
probability and the exponent (or on the right s side can 


_ written as a function of the area, A, under the probability curve ia 


~ and for the final result, with violent mixing (introducing Eq. 17 into the ex- 
eld loge(I—A) A = 


P _ thors, the reason being that uz is determined principally by the extreme short-_ 

circuiting of the first portions of the flow to reach the effluent. ane aan i 
_ In their discussion of experimental technique, (Part IT) the authors state we 
“In general both salts and dyes may conveniently be detected i in the: flow. a 


‘if their concentration exceeds about 1/10 ppm * * *” In his | experience e with 


sodium phosphate as a tracer, in the study of ' model separating chambers, the é 


: it does. not! seem fair to nei, the Capen tests® with a salt tracer to the tests - 

_ with radioactive tracers in Fig. 4 on the basis mainly of density currents. — SN 
equal importance is the fact that the tests were conducted | on different tanks» 
S with different inlet devices. When sodium chloride is used in the test of is 
settling tank the density effect often shows up as an excessive delay in ia ve 
_ modal or mean time and the final scavenging of the salt from the tank. - This 
§ _ occurred on tests by H. E. Babbitt, M. ASCE, and H. E. Schlenz," A. M. ASCE, 


ea _ “Determination of Hydraulic Characteristics of Separating Chantbers,’ * by Alfred C. 
Proceedings, Midwestern Conference on Fluid Dynamics, 1950, p.393. $= = 


“Results of Tests of Sewage Treatment,” by H. E. and H. E. Schlenz, as, Bulletin 198, Univ. of 
Illinois Eng. Experiment Station, Part 5 5, 1939, pp. 5 54-83. = 
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nt = clearly distinguishable with the use of a standard colorimetric 
ie a: Such concentrations were found to produce no discernible density current _ a ae 
3 
rs. q 
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INGERSOLL ON RADIOACTIVE RS 


in which of the distribution curve was delayed be beyond the the 


eet data given in henger 2 and 3 provide some interesting information <7 


. ee - maximum velocity in the pipe, if it may be assumed that the first trace eer 
a 55. with the velocity of the fastest part of the flow (generally considered to be along ; 
ae . the center line of the pipe). If it be assumed, more logically, that the first trace © 
arrives with a combined velocity, made up of the 
Re cw velocities of the fastest moving particles in the turbulent flow, then the values — @ 
in Col. 5 would be expected to be less than the values of ‘With the 
os foregoing in mind, it will be illuminating to compare values from Table 2 with a ; 


the best obtainable values for V/V max, from the Nikuradse formula, 


with values of the friction factor, given by Lewis F. for 

oar. ~ 4 shows that the first t trace behaves i in accordance with the second of == 
"TABLE 4- —CoMPARISON or First TRACE the first of the runs considered 
WITH FOR Pipe Frow there is no ready explanation 

for the seemingly anomalous 


___Bumber | factor, f 


First. Friction, | condition in the second and third 


runs. It may well be that the 
ia he tracer test has provided a more 
aie ~ than can be obtained from the __ 
Nikuradse formula. The first 
4 of the four runs given in Table 2 
re 
= be robe in this comparison since it lies in the critical range between es 
a Given an accurate concentration- Ainie distribution curve for the flow in a 
‘a ‘uniform reach c of pipe, it should be possible to construct a reasonably » valid — ‘7 
profile of velocity distribution. This method might then be applied to such | 
_ analyses in cases where it would we easier than the installation of a pitot t tube. 
Laminar flow in tubes affords an rd testing ground for the 


= 


in the critical range is even from the uniform than for | pure 
laminar fk flow. It will be valuable if the authors are able to present one run in 4 


aye the» bona fide laminar range to prove ‘the tracer diffusion rate. In such a is 
if the first trace appears in appreciably less than 50% of the nominal time, 
Posters for Flow,” by Lewis F. Moody, Transactions, A. 8. M. ‘November, | 1944. 
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the snrougn molecular diliusion. ine results oF “= 
Table 3(c). at a Revnolds number of 2.180. show the nercentage for the frat 
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will open to question: as an of 


The writer concurs with the authors in their conclusion that the modal 
- time is not a reliable measure of discharge. It has been his experience, how- RL ? 
ever, t that the median time is a more reliable indicator of short-circuiting be- a 2 
havior than is the average time, which is always affected by the long tail of the 


Gitribution curve. This is not to contradict the authors’ statement that 


* 


Harowp A. _THomas, Jr.," anD J. M. ASCE.— 


‘The discussion has been gratifying in . that a number of relevant points pertain- — Bea 
ing to tracer technology have been elucidated. 


es Mr. Ingersoll perfers a method of calculating the coliform content in 
contact basin under the assumption of violent mixing, which 


writers agree is rational. Indeed, it was a generalization of his line of reasoning 
underlies Eqs. 5 and 7. — result may be obtained by direct 
thoughts on the use of the test to obtain a ure of the velocity 

distribution are perceptive. ~The writers ¢ concur with Mr. Ingersoll that in the 


= ance ce of the first trace, should be larger | than those ; given by Eq. 20. However, 4g ius 
we continue to yield the seemingly anomalous results noted by Mr. Ingersoll. 
For example, in a carefully conducted run in a 6,400-ft reach of an old tuber- aes 
culated 20-in. pipe having a friction factor, f, of 0. 074, and can carrying a ng a discharge 

4 of 6.75 cu ft per sec, the first trace was observed at a time corresponding to — 

78.2% of the mean flow time. According to Eq. 20 this value should be no 

Part of the discrepancy, at least, may be attributed to the difficulty in as a 

timing the arrival of the first trace precisely. ‘The first portion of the slug 


| _ Consequently, the net count may be evaluated only withalowdegree — 

hes is hoped that this question will be resolved with special 4 
counting equipment in the Sanitary Engineering ‘Laboratory at Harvard 
_ University. Apparatus entailing a heavy iron shield for the elimination of ies 

Jocal gamma radiation, together with a bundle of anti-coincidence tubes for 
cosmic background, yielded very low background counts to 8 
Rerun per min). Part of this remaining background was found to be due to tA 
as radioactivity (K**) in the glass of commercial GM tubes. Therefore, se a 
a tubes have been developed. _ Preliminary tests indicate that a “oo 
higher order of sensitivity and is attainable for tracer 


3 
| _ Certainly there are many applications of tracer technology which may soon 
— 

Re 
= 
— 
“| 
— 
— 
— 

4 


up” ’ by various chemical, biochemical, and physical processes. Only such 
3 investigation is it possible to ascertain the proper amount of radio tracer rand — 

2 Although I-131 undoubtedly is not the hypothetical ‘ ‘perfect tracer, 

a. { under some conditions it has properties that are not far from ideal a In tests 


ina ren in which no carrier was added. W ith 10 ppm of Nal the recovery was _ 
100%. in Tuns with on the other h hand,  Tecoveries of less than 


undesirable appear to limit the utility of pheaphores as 
tracer, whether “measured byr radioactivity or by chemical tests mentioned pe 


856 THOMAS AND ARCHIBALD ON RADIOACTIVE TRACERS a 
Messrs. Straub and Pecsok mention certain: imperfections of 1-131 as § 
- ae tracer, and emphasize the necessity of using a carrier in many types of tests. __ ig * 
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TRANSACTIONS 


APPLICATION | OF HIGHWAY ‘CAPACITY 


P. BucKLEY,|M. ASCE 
Dracussion sy Messrs. DoNnALD JosePH BARNETT, 
0. K. NoRMANN, AND J. P. Buckiey wand 


application elt: the | principles of highway capacity are 


outlined in this paper. 4 "The > development and use of comprehensive ceecity 
i = charts are illustrated for the cases of two-lane rural roads, two-way r city: streets, 


The of capacity research as well as the 
, ‘tions of these principles are outlined it in the paper by 0. Normann. 


oe Capacity, the number of vehicles iin road, or street can accom- 
‘modate safely and efficiently, is one of the fundamental problems in motor — 
transportation. © The objective of highway engineers in this field is to provide _ 
sufficient capacity on highways and streots to carry safely and « efficiently he 


traffic volumes the minimum cost. 


require 4 

z stn or failure to provide adequate ‘capacity, is 
A Lack of capacity means congestion, costly delays, and accidents, and often — 
; the cost of correction is far more than the cost of proper initial design and 


Board covers the subject 1 more extensively than a any previous investigation rn z 
a _ Nore.—Published in November, 1951, as Proceedings-Separate No. 101. a and titles given 
are those in effect when the paper or discussion was received for publication. OG 
wit Chf. Engr., Highways Div., Automotive Safety Foundation, Washington, D. C. 
of on oO. Normena, Transactions, ASCE, V 
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~ gives the haake factors necessary to insure greater accurac 


Design engineers and traffic engineers are = 


ae of capacity determinations on specific sections of highways and streets. x 


_The principal objectives of these are to the 
ficiencies and needs of all highways, roads, and streets in the state and to 
prepare a to meet these needs on an ‘efficient and 


ae mileage of | roads and streets carrying high traffic volumes, the problem of ia 
has unusual importance. Not only must the practical capacity “2 
Re) : _ the existing roads and streets be determined, but in addition it is necessary “a 
oe know the type of design required to provide adequate capacity at a minimum 
cost on new facilities. The extensive mileage of roads involved i in this deter- 
= i oe ~ mination requires that the field studies be made by several hundred state, af 
county, and city engineers. Since these engineers take on this work inaddition 
ee “to their regular activities and since there is a time factor, it is highly important a a 
- the task be simplified by every possible means without sacrificing accuracy. rs oe 
Further, since one of the requirements of the survey is to determine the com- Mf 
parative needs of state highway, county, and city systems, the work 
_ must be done on a uniform basis with standards of appraisal. - Finally, 23 
+ view of the large amount of detail involved and the importance of producing <= 
a sound and ¢ accurate program, , the | central supervisory engineering staff of — ae 
; the | study must have a method of checking the projects submitted by state 2. 
, and local engineers to insure their accuracy. So, far as capacity is concerned, 3 
the work of the on Capacity has provided the tools for 
sy __ However, Mr, Normann has indicated the very large number of variable 
involved i in the determination of capacity, jane width, sight distance, terrain 


operating: speed, , and many others. 


A As part of the organization of the Ohio Highway Study Committee, special a 


advisory of the state’s most able 


charts: were for use in the capacity of: (a) two- 

rural roads; (b) two-way city streets; and (c) one-way city streets. These 

a oe charts actually are the final product of a long series of charts ‘combined — 
a more efficient handling. The circular scheme lends itself to a tabular 
4 arrangement of a number of variables i a limited space. 


= 
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— 
— 
a 
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om 
4 
mittee shows the importance 0 sound engineering judgment in applying the 
data. The problem, then, is determine 2 method of the 
factors on a mass producti a9 
l = 
— 


Th 
= pov. 
“Fie. 1.—Practic 


In accordance with the definition established by the Highway Capacity 


he first 


normal method of applying the capacity factors for a specific p 
would be to consider successively each of the factors that affect capaci 
thy go through the mathematical steps of applying these factors to 
final answer. In preparation of the charts the staff engineer gone = 
this process for several hundred possible sets of To 
3 work, only the basic factors that have a material effect 
_-gonsidered in this process. Field checks in several parts of 
in indicated that the limits of accuracy are reasonable. 
| 
ay 
| Committe, the capacity figures in the charts are practial working capacities 
sic 4 maximum number of vehicles that can pass a given point 
producing a traffic density so great as to cause unreasonable elay, 
ge  hasard, or restriction to the drivers freedom to maneuv 
ed Toadway and traffic condition 


= miles per hr operating speed; hilly : — ; and 850 vehicles per hr ee 9 j 


speed, operating speed, lane width, and sight distance. Additional 
_ simple calculations that further refine the answers can be made for variations — 


in the percentage of commercial vehicles. uf For the purposes of this chart, a 
commercial vehicle is considered to be any vehicle having dual tires. The | 
values given in Fig. include an assumed 10% of commercial vehicles. For 
each 1% that the. actual number of commercial vehicles varies from the assumed P 
; _ figure, it is necessary to add or subtract 1% from the capacity figures in fat 
ro 2 terrain: or 2% from the capacity figures in rolling terrain. i, The outer six 
‘anata: circles of the chart indicate percentages of the roadway having : 


 _‘To illustrate the use of this chart in a state-wide highway ‘planning study, 


% assume that the problem is to determine whether a specific section of a two- 4 4 
Wie lane highway is adequate for existing traffic volumes. The volume in peak _ 


hours is 580° vehicles per hr for both lanes, with 10% of the vehicles being: 
, O commercial. Iti is desired to maintain an n operating speed of 45 to 50 miles p per 
hr, since the highway under consideration is a main state highway. ‘The | 
_ following conditions prevail: : 60 to 70 miles per hr design speed; flat terrain; 


th ft lanes; ar and 60% of the e road having less than 1 ,5Q0 ft passing g sight distance. a : 


re _ Referring to the chart, it is found that the practical working capacity of 
4 the section, under the prevailing conditions, is 560 vehicles per hr, or slightly 


ee. ‘under the existing 1 volume. This indicates that the highway is adequate from 


a ei _ Another example ‘might be a section of two-lane rural highway that is 


os deficient structurally and also operating beyond practical working capacities. 


The problem then is to determine the. type of facility required to carry the _ 


maximum traffic volumes during the life of the <0, 
“a Assume the following conditions: 60 to 70 miles per hr design speed; 40 to hi 


Tength of the roadway having less than 1,500 ft passing sight 7 


ee is significant to note that, depending o on the | lane width ar and percentage 0 of 
500 ft passing sight distance available, the capacity of a two-lane rural 


from 350 to 820 vehicles per h hr, a variation of more than 200%. . Similar wide | 
variations in capacity ar are for other sets of conditions. significance 
of the true economy of proper design has never been illustrated better. = 
pr Some rural roads are known to carry more vehicles per hour than are | 


shown n on this chart, but they do so only at thee expense of reduced safe operating 


Practical Working Capacities for Two-Way S Streets.— —City street capacities 
cde are affected by : a wider variety of factors than are rural roads, and the second 
chart (Fig. 2.), covering capacities for two-way streets, includes more basic 
-; factors. _ The chart i is first ¢ divided into the three accepted districts of a city— 
downtown, intermediate, and ‘The factors of parking, percentage of 


road in flat country with an operating speed of 45 to 50 miles per hr can very 


iii 
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a 


| ercial vehi or , and c 
__ widths of streets are also taken into consideration. The chart gives directly 
f condition a Interpolations may 


a 
0-39 /4¢ 


Commercial Vehicles 
ere those with dual tires 
_ The numerals 30, 40, 50, 
60,70 & 80 refer to curb 
to curb street widths. 


faterpolation permitted , 


Two-Way Srreets tv Ters or Tora Veuicu 


% of subtract 1% 


ee} from the capacity value for each 1% of commercial vehicles over 15%; 
aa o the street being studied is a bus route, multiply final value by 0.88; 
(3) If the street is a streetcar route, regardless of district, use values of 


(4) If fixed time signal is used, multiply the capacity by the ratio of gr 
+ the time from the seconds of green. 


way ¢ 


ensive widening or ot 


Zz 


be — 
~ — 
he — 
well — 
ry — 
de 
ng chart is used in the same manner as the chart for rural capacities, 
checking through the appropriate conditions to arrive at the capacity 
and by making such adjustments for additional factors as may be required. 
Gee The basic data of the committee, as condensed in 
chart, illustrat mati ing i 
si chart, illustrate dramatically the amazing increases in practical capacity 
can be secured by comparatively inexpensive and simple methods, 
the alternative of exp er major construction. = 3 


se or exam t str 


F 


‘prohibi ical caps y could be 
It is recognized that public support for such measures is often a problem. < 


these other steps. _ Without this evidence, in some cases it might be  wrongf ully 
assumed that expensive construction is the only solution. These data will Dr 


the light of other p 


Commercial Vehicles ere 
those with dual tires 
Md 
The aumerois 20, 30, 40,50, 


_ Although the major increases in capacity that are possi : 
- _ steps are important and substantial, obviously, it must be recognized that 
such steps will not solve all problems and, under some conditions, major 
construction of freeways or other high-volume facilities is the only answer. 
‘However, proper application of these data does insure that all practical steps 
3 ‘aa id will be considered and that the resulting program will be both conservative “ia 
_ and necessary. It should be noted that there is a very narrow margin between 


“the practical working capacity as shown in Fig. 2 and the existence of undesi 


— hen both parking and |e during wy str 
cial traffic w re eliminated f 
— ing 10% commercial r. If parking we « 
district, carrying 1,250 vehicles per hr. If | 
‘are permitted, is 1, | « 
— 
— 
congestion are worthwt the capacity of existing 
— movement and lesse of these data in can be obtained b 
Fa 
oli 
bearable congestion. ets.—The third chart (Fig ludes the 
ble or almost un ities for One-Way Streets. ilar to and inc 
— Practical Cape for one-way stre 


one-way | streets when they can be established. example, a 40-ft street 
_in a downtown district, having a capacity of 2,550 vehicles per hr as a two-way — a 
Zz - eet under the same basic conditions, could carry 3, 630 vehicles per hr (or te 
an increase of 42%) when | operated as a one-way street. “ak 


In the application of these capacity data to long-range highway 


studies, similar determinations have been made for multi- -laned divided rural — 

highways and freeways, and for freeways in cities. Again, application | of 
capacity determinants has helped to establish uniform standards for a 


of Public Roads, the Highway Board Committee on 


Highway Capacity, and numerous state, county, and city engineers gathered 
by the basic field data | on capacity through countless observations over a long 
period of time. Committee on Highway Capacity and, particularly, 


its chairman, Mr. Normann, and his assistants in the Bureau of Public sc 
have worked many years in preparing the committee’s report. = 


Glenn Logue and Harold Eckhardt, engineers of the Ohio Department of 
Highways, were principally responsible for devising the 


charts used i in this paper tor 


| addition to its utility in 
iii 
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ae 
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ass 


Donaup 8. BERRY, A. -M. _ASCE.— —The capacity charts | described by N Mr. 


as 


= 


- highways: and in city street systems, as part of a study of ‘‘Ohio mae 2 
3 : Needs.” The method of determining capacity necessarily was to be simple { for 
== application by s several hundred state, county, and city engineers. As 


pe ‘stated by Mr. Buckley (see under the heading, “Planning of Surveys”), — 

* * it is highly important that the task be by every possible means means 
_ __ Use of these charts for other than their original purpose can lead to question- 


© able results, especially when comparing the capacities of streets under one-way 


i 


ir. 


E ‘single street under one-way ‘or two-way operation, for : a a fixed distribution of 
pre ¥ traffic by direction. The charts do not have correction factors for variations — 
in in directional distribution of traffic or for variations in the operating conditions 
the parallel street which is under one-way to carry” 


way trafic One-way operation of such streets ‘ the load, 


_ revealed by capacity surveys in the State of Washington. _ ap 
oe In many downtown a areas, howev er, both of the parallel two- way 8 sive: 
being considered for one-way operation are already through : streets and are 
_ both attractive to traffic in the peak hours. Using Figs. 1,2, and 3 forcom- _ 
Pal paring capacities 0 of such streets for one-way and two-way operation can lead 
to results which vary considerably from those obtained when using : similar 
charts in The Highway Capacity Manual® 
oe Table 1 shows an example of a method of presenting comparative capacities 
of two parallel streets under one-way versus two-way operation. The capacity 
< 
values shown were obtained by computing the practical capacities, by direction 
- of movement, for each of two parallel streets, and combining the results wy 
_ obtain directional volumes for the pair of streets. _ The charts® of The Highway oa 
oe the two 50- ft streets of Table 1 are both attractive to through traffic, 4 ; 


_ 1,465 vehicles per hr). Figs. 2 ye 3 show a 24%, advantage for a one- way 
street of the same width and location (1,050 | vehicles per hr versus 845 ve- 

_ ie * Asst. Director, Inst. of Transportation and Traffic Eng., Univ. of California, Berkeley, Calif. a 
“Spokane Urban Highway Capacity Survey,”” Washington Dept. of Highways, February, 1951. 


“Urban Highway Route Evaluation,” by H. C. Higgins and R. E. Dunn, Proceedings, Highway Re 
Board, National Research Council, January,1952, jg 


ae: ee , Weshine Manual,” Bureau of Public Roads, U. 8. Dept. of Commerce, U . 8. Govt. 
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r one-way versus two-way 
Comparisons of capacities for a single street under one-way ve highways, in 
os * operation may be valid for studies on urban extensions of state highways, > hae 
which both directions of state highway traffic are rout 
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BERRY “on HIGHWAY CAPACITY, 
. 


_ These data apply to two 50-ft east-west streets in a downtown area. In the peak hour, 60% of traffic ‘ 
_ is eastbound, with 10% commercial vehicles, 10% left turns, and 10% right turns. ~ Signals are timed for — 
30-sec green in in a 60-sec cycle. There i is no bus Sten’ 


Practica, Caractry o ‘Two Srreers, IN PER Hour 


‘One Street Nor Arrractive Bora Srreets ATTRACTIVE TO 
direction of movement | #RovGH Trarrich ‘Turoven Trarric 

wo-way ne-way wo-way 


(a) Parxine Bots Sires 


- — | 


8205 295 2,920 8,205 295 


3 sO Computations of capacities in the limiting direction are based upon values shown in Figs. 24 and 26, | 
_ Highway Capacity Manual, 1950. The capacities for the westbound direction (carrying only 40% of the 
_ traffic) are taken as two thirds of the limiting capacities in the eastbound direction, in Tables 1(a) and 1(d). 
th Tables 1(b) and 1(c), however, the limiting condition for two-way streets with a 60-40 eer — 

tion is the capacity of ‘the side of the street on which parking is not prohibited. = = | 
* This assumes that the two-way street which is not attractive to through traffic will carry a 7 50% of 
the volume carried by the other street in each direction. a 
_  €If directional distribution of traffic is 67% to 33% instead of 60% to 40%, this two-way operation 
64 les per hr ver hr versus 2, 070 per’ is for one-way operation. 


pas When parking is prohibited on one side of the street (the peak-direction _ 7 
side for two-way streets), the comparative capacities depend upon the direc- 
tional distribution of traffic. With a 60% to 40% directional distribution of % i a 
traffic, the computed capacity for the two streets of the example in Table 1(b) a : ; 
is 2,300 vehicles per hr for the one-way operation as compared with 2,200 | oe ay 


vehicles per hr for two-way operation of the streets. If the directional 


= 


| LE 1.—Comparative Capacitigs or Two-Way 
| — 
— 
4 
(c) Parkine Prounisitep on Nortu Sipe or One Street AND SIDE OF TH 
ur 
y | — 
a 5 
— 
~ 
ribution Of trainc 1s 6/% to 33%, the practical capacity for two-way operation 
vt. is 28% greater than for one-way operation. 


‘BARNETT © on HIGHWAY ‘CAPACITY 


te hen one of the streets is note attractive to traffic under the two-way ay plan, - 
‘ es resulting capacity of the two two-way streets may be quite low, as shown in > a 
Ree the example in Table 1. Under tl the one-way plan in such cases, ti traffic i is forced 4 
a to use the less attractive street and, as shown in Table 1, the capacity of the | 
‘ a8 ‘pair of one-way streets greatly exceeds the capacity under two-way operation. a 
i! W hen one- ‘way streets can be used, they may h have many other advantages — 
i” over two- -way streets in addition to their increased c: ‘capacity. ‘They | simplify 
movements at complex intersections, reduce delays due to double parking, . 
i facilitate progressive | timing of traffic signals, reduce travel times in nonrush 
- hours, and spread traffic loads over little- -used parallel streets. The ‘actual - 
increase in capacity obtained by changing two existing eens ee 
ie through streets with song over too one- way operation may not be great, how- 


‘one-way are as ‘correct for design and traffic control purposes. 
_ The Department of Traffic and Operations, Highway Research Board, has er 
yoted to reactivate its Committee on Highway Capacity. _ This should afford a 
an opportunity to collect data on operating capacities of many additional one- ap 


BARNETT, M. ASCE- —One o the principal parts of this paper isa 

7 description of highway capacity charts which show practical working capacity — i 
_ for various conditions. : As stated in the paper, these are based on data in The — ae 
_ Highway Capacity M anual of the Highway Research Board® and eliminate the { 
arithmetic necessary to account for certain variables when using the charts in ee - 
The Highway Capacity Manual. The writer questions the advantage of the 4 


- circular forms shown in Figs. 1, 2, and 3. . He redrew one of the charts i in the 
and 


‘g i 
bing in of total 


| 
traffic justify control by traffic aha, the additional computation m to correct 4 
. for ratio of green interval to total cycle affects the capacity | volume more than 7 
ua most of the factors included in the chart. It would have been well to state in 
the title of the chart that volumes are for the hour of of green interval. - For = 


“Hi Manual,” Bureau of Public Roads, U. 8. Dept. of Commerce, U. 8. Govt. 


ned tu Urban Highway Branch, Bureau of Public Roads, U. 8. Dept. of Commerce, Washington, D.C. — 
Capacity Manual,” ‘Public Roads, U. 8. Dept. of v. 
Painting flice Was ington, D. C., 1950. 


that the | int 
UF capacity for the two one-way streets is 13% = | 
7 —aes _ computed value of the practical capa 3,295 versus 2,920). Figs.2and3indi- | Co 
greater than under two-way operation (3, 
| 
— in 
* 
— an 
— 
Wi 
x 
4 
Figs. 2 and 3, showing practical wor! ih 
hour, should be used with caution Whey can be greatty error. ine 
al 
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NORMANN ON HIGHWAY CAPACITY 
intersections with traffic light control an excellent set of charts was thie 


i: & Jack E. Leisch, A.M. ASCE, a1 member of the Highway Research Board os 


0. “Normann” —The circular charts ‘Mr. Buckley has presented 


were prepared for estimating needed highway vay improvements i in Ohio. — They aa ag 
: baa were used by state, county, and city engineers for a specific purpose in which bg 
+ required accuracy could be attained by y applying data for average conditions. © os 


F it was realized at the time they were prepared that some degree of accuracy had eC @ 


= 


iW to be sacrificed for simplicity. Many of the variable factors which ordinarily 
influence the capacity of a highway or street could not be included in the ae 

a charts, and, therefore, average values which apply only to conditions in Ohio P 

_ used in preparing the charts. . The charts served their purpose very well. 
- In other sections of the United States where other conditions are present, “tel 
. or denen’ in Ohio, if the information contained i in The Highway Capacity Manual ra 

is to be applied for other purposes, the information contained in Figs. 1, 2, = 
hat 3 should not be applied without first making certain that they fit the pir 
to revise the data contained in the ollerte to fit local conditions. The variation 
a) in traffic flow, its distribution by directions, the effect of commercial vehicles, _ 
+. and the traffic volumes, which may be considered “practical capacities” — 
. be quite different in other sections of the United States than in Ohio. 


_ In many cases where a greater accuracy is desired and where smi: 
¥ will not balance the underestimates, it may not be advisable to use ¢ charts of Bs 
this type. This is especially true when considering various design improve- _ ; 
* ments at a specific location or comparing increases in capacities that may be — 


attained at a specific location by such traffic regulations as the elimination of 


i parking, one-way street operation, or the elimination of certain turning move- ; 


pe P. ASCE.- —Messrs. Normann Berry are correct in 
n their original purpose. 
The charts were designed to meet the needs of a tier highway planning ~ 
_ study in Ohio. . The basic method is adaptable to similar studies in other See 
states but the data would have to be revised to fit the conditions in each state. i, 
‘The writer does ‘not recommend the use of charts of this type for ‘specific — a 


capacity problems. Detailed analysis taking into” consideration the 


_ factors involved, as set forth in The Highway Capacity 2 Manual, gives for es: F, 


more valid results i in individual cases. The asd 


Mr. Berry correctly ‘points: out that variations in directional distribution hee 
of traffic and in attractiveness of a street td through traffic may materially _ 
affect the flow or volume. However, the capacity or the ability of the street y 


‘ Ww” Public Roads, Vol 26, No. 6, February, 1951, U. 8. Govt. Printing Office, Washington, D. C. 


conditions: under study. fact, in most, cases it will be necessary 


= Cal. Engr., Div., Safety Foundation, Washington, D.C 
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Since flow is unbalanced, flow were 

made in the preparation of Fig. 2 which a are not stated in the paper. - These 
Kad 


te) 


aie 
ie Fig. 3 shows the maximum practical capacity of one-w ay ania on certain 4 
" stated conditions. A pair of one-way streets under the same conditions would | 
— have twice the capacity of one street. _ However, because of the unbalanced flow 
aM the actual volumes would normally be considerably less, as indicated by ae 


ae Nt: Mr. Berry's 8 method, therefore, gives & more realistic analysis of the advan- 
2a tages s of a pair of one-way streets against a pair ‘of tw o-way streets from t 
Mr. Barnett points out that the titles of Figs. 2 and 3 should state that the — 3 
~ volumes are per hour of green interval. This is covered by. special condition (4) ; 


under Fig. 2. However, it would certainly be clear if both figures were labeled a 
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BY W ALTER W. EWELL, J. M. ASCE, SHIGEO 
JoEL I. ABRAMS,’ ASCE 


BY Mussns. ACK R. BENJAMIN, ALEXANDER C. ScorDELIs, 
Paut J. BRENNAN, SerGe Lewiavsky Bey, W. Watters Pacon, M. 


“4 Ferauson, Ropert V. WaiTMaNn, AND WaLTeR W. SHIGEO 
Because the exact determination of elastic deformations in plates and 
slabs by the mathematical theory of elasticity has proved to be impractical 
- in all but the simple cases, engineers have been forced to devise approximate ee 
means of solution. A horizontal gridwork of beams intersecting at rightangles, __ 
a with deformation characteristics analogous to those of a slab, will develop an ie 
a if elastic surface under normal load similar to the surface of the slab under r the — 
ie same load. A technique is presented to determine the elastically deformed — ors 
surface of a plate or slab that has been transformed into an equivalent grid e 
q system. A he method employs an auxiliary f force system for controlling a 
‘of the joints and a moment and torque distribution process for 


transmission of the displacement effects. fi babh ibang 


we methods of the of slabs are 
not new. A system of beams, intersecting at right angles to one another, 
forms a gridwork that yields a deflected surface s similar to that of a slab x 
analyzed under normal loads. This statement appears obvious when one con- 
 siders the similar elastic surfaces developed by a slab and by a simple window _ 
sereen supported and loaded in like fashion on. The analysis of such a gridwork 
One method of determining the deflection in a gridwork of beams is pre- 
7 sented by Miklés ‘Hetényi,‘ ‘ who a assumes that the individual t beams ee 


Nore.—Published in September, 1951, as Proceedings-Separate No. 89.- Positions titles given 
those i in effect when the paper or discussion was received for publication. 


1 Asst. Prof. of Civ. Eng., The Johns Hopkins Univ., Baltimore, Md. et! 
2 Asst. Prof. of Gv. Eng., Univ. of Hawaii, Honolulu, T.H. 
Instr., Civ. Eng., The Johns Hopkins Univ., Baltimore, Md. 


4“Beams on an Elastic Foundation,” by Miklés Hetényi, The Univ. of Michigan 
Mich., 1946, pp. 185-192. 
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4 
= GRIDWORKS AND SLABS 


_ Simultaneous differential equations are then solved in order to obtain joint a 
-- When it is assumed that no o bending « or twisting moment is transmitted at Fe 
grid beam intersections, another method of grid analysis is possible. 
as such an assumption, Stephen S. Timoshenko employs trigonometric si series to 
express ess the elastic curves developed by the individual grid beams.* grid-— 
fe. work, unable to transmit bending and torsional moments, is not, however, 
analogous toa slab or plateinitsaction, 
ot ag If a realistic rigid joint, capable of resisting bending : and torsion, i is assumed a: 
Samet at each beam intersection, the analysis of the resulting grid i is a tedious } process. a 
; _ Linear equations can be formed involving three unknown elements at each i 
; joint—the loads on the beam, the moment change i in the longitudinal] | beam, 
and the moment change in the transverse beam. a Both moment changes : are ee 
developed by torsional effects in the mutually perpendicular beams. An oY + 
amount of time is involved the solution of the simultaneous 
es equations particularly since there ar are three times : ae many equations as as there 
Vir A technique is here presented for eliminating t two of the three unknown ane 
quantities at each joint by a moment and torque ‘distribution process. In 
a ~ some of its aspects, this procedure is similar to the method of finite Pee 


at each | point of the network by solving ‘simultaneously two ; groups of linear 
- equations: one group containing moment values as unknowns, the second group 
expressing deflection values as unknowns. number of equations to 
solved in one group is, in the general case, equal to the number of points in the 
arbitrary network. — The solution of the two groups of simultaneous equations 
can be avoided if the original fourth-order differential equation of the plate is 
not divided into two parts. When finite difference equivalents are determined 
directly from the fourth-order equation, a solution is required for only on 
series of linear equations. _ Nevertheless, ‘this procedure is not recommended — 
Pe odhew comparison, the method used in this | paper is applicable toa physically 
ae grid rather than to the ruled suriace of the slab itself. After the 


- face w with a series of intersecting lines. Moments and deflections are oe 3 


ay one series of linear equations : need be solved in order to define the deflection 
pattern, a ‘This is possible | because the / equations are written in terms of un- ae 
known | deflections produced by auxiliary forces at the grid £ 
_ moments and torsional moments can then be found without recourse to the 


und Platte,” by Béla Enyedi, Beton und Eisen, Vol. 34, Heft 3, 1935, p.42. 
ee _ ™“Djie Theorie elasticher Gewebe und ihre Anwendung auf die Berechnung biegeamer Platten,” by — 
Henri Marcus, Julius Springer, Berlin, 1924. vis! T andes), adT 
e. “Analysis of Skew § Slabs,” by Vernon P. Jensen, Bulletin Series No. 832, Univ. of Illinois, Urbana, 
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procedure for determining the arth’ of a plate or slab sub- 
jected to normal loading consists of the following steps: - 


< pot 1. The arbitrary division of the slab into orthogonal strips | that are con- 
sidered the beams of the analogous gridwork, 
determination of factors, based on the individual beam’s resistances 
+ to bending and to twist, for distributing the unbalanced moments at 

See. 3. The » vertical ¢ displacement of each ‘singular joint in the grid and ae 
2 quent introduction of fixed-end moments on the beams. Joints where deflec- 


tion produces a distinctive moment and torque pattern are known as singular i. 


moments by a moment and torque distribution process. ere. — 
 §. The computation « of reactions at all joints in terms of the poknown li 


rae 6. The computation of the moments and torques at each joint which v were 


Tis Transformation of the Slab into a Comparable Grid.—Any plate or slab, rep 


divided into strips i in two > mutually perpendicular directions, can be trans- - 


a beam. _ In fac fact, an ansloxy betwonn slab and gridwork i is indicated by the close ae 
a a correspondence of slab deffection values found by the grid method and checked a 5s 


the resulting system a group of rigidly connected continuo 
beams: ‘mutually supported along their center lines. For example, the east- ise’: 
West and north-south grid strips are considered continuous over supports re ae a 

s 1-1, 2-2, 3-3, and over supports 1’-1’, 2’-2’, 3’-3’, located at the center 

of the two perpendicular strips. Furthermore, a beam segment such as 1-2-2-1 Paes ae 
is assumed free to: rotate and to ty twist over its supports. Along the edges 
resistances to bending and twist that are presumably neglected in the 
‘ Fy east-west beams are actually considered as vertical shear forces in the north- ‘ 
south beams. _ Because the cross section of any grid beam is identical to that 
of a comparable slab strip, the gridwork is actually a pseudogrid. The overall 
. general appearance of the system is no different from that of the slab because Bs 
Saath Since the equivalent gridwork is to be loaded and consequently subjected 


moments: and torques, relative and of 


geeond series of simultaneous eq 
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Relative Stiffnesses and Distribution an moment (M 
the plane of the beam A | C, is released on the rigidly connected system shown i 
in Fig. 2, the tangent to the elastic curve will rotate through an angle 6. If 4 
4 torsional fixity is realized at points D and B, the beam D 1 B will twist through 
the sam same angle 0 at point 1. - Similarly, a moment applied in the plane D 1 B ; 
will produce rotation of the tangent to the elastic curve in that plane e and ] 
consequent in n the Al 


Inc order to resist the applied moment M, bending moments M, 4 and M, c pa 
ae will be developed in beam A 1 C, and torsional moments M; p and M;B will ee 
When the rotation through the angle has taken place, ‘ofl 


Fora unit rotation in beam A 1 C, using slope deflection equations, 


= 


in which c is cis the width of grid beam; b is the depth of beam; 6 ie | 
of elasticity in shear; J, is the polar moment of inertia of beam or or grid strip; lis : | 
4 the moment of inertia with respect to an axis perpendicular tothe plane of bending; — 4 
ae ‘Bis the coefficient depending on cross-sectional properties*; and EZ is the modulus | 


*“Elements of Strength of Materials,” by 8. Timoshenko and Gleason H. MacCullough, D. Van 
Nostrand Co., Inc., New York, N. Y., 1949, pp. 265-266. 
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Unit twist the beam D1 5, with circular cross section, 
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 Ausiliary Force Systems for Controlling Deflections —The moment distribu- a 
_ tion process to be used cannot be e applied directly to any loaded structure whose is ees 

undergo translation. In order to control or prevent these joint transla- 

tions, it is necessary to calculate a series of "auxiliary force systems that arise 

g from the arbitrary displacements of joints. These forces are applied at every Fie ‘19 


Fra, 3. —Gaipwork JOINT 3 DisPLaceD 


e walk as to produce 


every joint have been determined, an arbitrary displacement (4) is introduced, es 

in turn, at each singular joint as ‘shown i in Fig. “oe The singular joints of the a 
particular grid illustrated are at points 1, 2, and 3. Defleetions at all other 
joints w will induce similar moment and torque patterns. . The auxiliary force 3 

system em shown consists of reactions at all joints other than joint 3 at which < 


point the As displacement has been produced. _ These reactions prevent i 


eal: 


of placement from the horizontal datum. plane but do not prohibit rotation and pe 
twist in the grid members. The lengths of the grid members being equal in 


both directions, the deflection As induces fixed-end moments equal to 6 El I 


# the initially fixed joints 6, 2, 8, 4, and at joint 3 where the deflection occurs. 
Moments a1 are placed on the grid first i in the east-west direction and are 


2 


assigned the customary y moment distribution signs as viewed from the south. 
Ordinary fixed-end moments need only be introduced on the beams in one 


n, for the symmetry of the ‘gridwork pate 


— 
— -.. 

asticity. With the expres dinal andtransverse _ — 
beams known, distribution factors ¢ linalandtransverse 
Ts can be Wrivven lor any joint. For example: 

ections are made constant in each direction and . 
= 

aa 

| 

— 
— 

— 
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= Next, the are released and 
te ing moments and torques at all beam intersections. _ After all the joints are a 
ae _ balanced, a carry-over process is effected, torque moments carrying over to 
opposite ends of the beam at their full values but with opposite sign, and 
a bending moments es carrying g over as half values with the same. sign. ? The second 

_ cycle is completed by rebalancing each joint with the usual distribution factors. | 
‘Three or four cycles generally furnish a thorough dispersion of the original — 
a aoe When the distribution process i is s complete ats any one joint, bending moment 
-values at the beam ends are used to determine the reactions in terms of th 
displacement. Although a distribution is performed in the east-west diree- 
a gin a Sy tion only, a similar group of bending moments must be placed on the north- 
a ae ye south beam in order to define the complete reaction pattern. Fig. 4 shows an — a i 
assumed deflection pattern due to a A; displacement at joint 3. The notation 
3 é ce should be self evident. For instance, Rs, 43 is the reaction at joint 9 caused by | es 
_ & deflection A; at joint 3. ‘5 It should be remembered at this point that all 
reactions are expressed as coefiicients of A; .EI/t. In the particular grid 
gelection, similar displacements must be introduced at the other Points 
and 2, and reactions must be calculated. j= 
a Using a ‘reciprocal relationship it is noted that the reaction at any point 4, 


for example, due to the e deflection As will be the reaction at 
due to the As at joint 4. 


2+ + + Rass + + Ras + Rass + Rass. (60) 


Sines only 3 singular points « exist, at joints 1, 2, and a> used iain, 


Rs a2 = as = Ras Ad 


as + 4 Rear +4 Rs, total reaction influence at 3. 
lar equations can be written at points on the grid and equated toa load J a 


might exist at the intersection, or else equated to zero if there is no load at 


x ges am In the case ofa uniform load across the plate, a load P exists at every inter- 
: :. and the displacement of three points 1, 1, 2, 3 will define the elastic surface. 4 
% _ Consequently, in this simple case, only three simultaneous equations need nd 

With the deflection values | known at each | point the moments and 
in the distribution Process in terms of 4 can scoumuleted 


— 
a 
a 
> 
4 
| 
a Thus the complete reaction at joint 3, with all poj 
|. 
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in a ‘Simple Gridwork. —In this first 
the analysis no attempt has been made to an analogy a gridwork 
and a slab. 
at each junction, with fixity 
against bending a and twist Tealized 2 at beam ends. 
Deflections will be determined in this structure when 


~ 


when a single e load P is “applied at joint 1. 1 
Since all lengths are equal ‘and cross sections are ay 
the same, the distribution factors at each of the joints 
pated, assuming G = 0.36 E and I, =2 
B,2 2a 3 temporarily fixed 


If Bie , known to be constant, is temporarily omitted, 


EF EF OT +072 


= = 0.0763 M.. 


AR "percentage of ‘the unbalanced moment resisted by moniente a 
in beams is 42. and the percentage resisted moments an 


% 


en with the ensuing moment and torque distribution. ‘The signs of the ee 
_ moments are in accordance with the moment distribution convention | hen he. 
ewed from the south. Moments are not distributed in the north-south eee 
- direction since they are identical to those developed in the east-west beams. — Pe 
san Equilibrating reactions are derived from the end moments in the east-west Nias 
"direction obtained by the ‘distribution process. e equations as of static equi- 


a into their component lengths, as shown in | Fig. 7. _ Because of the constant Bs : 
; % ~ beam length 3 the reaction values shown | are multiples of the term EJ A,/B. 

= are superimposed upon the grid and algebraically added to the first ‘Group of re i 
reactive equilibr ystem shown i in Fig. 8(a) results. 


lige 


— 
— 
— 
. in which M is an unbalj 
— at 2 along the beam A D and also at 3, 1, and 
along the beam CB. Fig. 6 shows the fixed- 
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"caused by the deflection A; at joint 1, is equal to the reaction at ici caused 
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Ere grid points, the total reaction at joint 1 can be written as follows: = 
lai 4! Ry = 39.970 BI 18. 188 EI A2/P 
9.260 BT 13.188 ET 


— 
— 
| 
— 
a OA | P6000 6000 | }-6000 | 
5715 25429 -103 | -88 -S236 -3605 +483 |+s42 +2680 +1335 
— 15 | -25 | 
> 
4 
4 
q 
4a 
q 


rd _GRIDWORKS AND 
It every grid joint supports a load a P, the following expression can be ob es: a 


ease iv 4015 


7.—Mowents AND Reactions oN Grip Beams 
» 
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3 


Fig. the deflected rid subjected to loads P. at tall joints, 
The deflections are expressed as coefficients of 


When a a ‘single ‘concentrated load P is applied at joint 1, the deflections 
_ developed at joints 1, 2, 3, and 4 are not equal. By equating vertical a: we 


0.260 BT — 13.188 EI 


= 


dots — 13.188 EI — 0.260 EI A;/P = 0. 


ay 
8(c) ) shows the deflections as of P E of the four 
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F 
ne ben ng and the torsional moments have been determined in 
= me of the various displacements, it is a simple matter to calculate the mo- 3 
after the deflections have been determined. 
io. From Fig. 6 the ‘moment at A due to displacement at joint 1 


5,715 EI and the torque along. beam Al is 103 A,/P units, as 


0.075 
2 


abd @ ELASTIC SURFACE (b) DEFLECTION SURFACE _ DEFLECTION SURFACE. 
4 "AFTER DISTRIBUTION OF LOAD JOINT 1 


MOMENTS DUE TO ) ay 


g 


moment + 1,335 EI A,/P shown at point D in the figure 
as — 1,335 EI A,/tt at point A. The change in sign arises because original  —__ 
fixed-end moments should be as — +6, 000 EI A2/P. 4 
ments at all joints the total moment at A i 
Mar = = +5,715 EI A,/P — 1,335 EI A2/P — A,/P 
St ubsti uting values for A as previously determined, er 
fai = 200.03 Pl — - 17.03 Pl 0.62 Pl — b) 
in which the positive sign is based on moment distribution convention.’ Al ae es 
~ moments ar and 1 torques can be determined i in like fashion. 
—- Example B—Analysis of a Slab, With and Without a a Center Support enlian a 
tg a second illustration of the applicability of the method, the 1/16-in.-thick slab : 
2 shown in Fig. 9 has been selected for analysis. A combination of fixed and 
free boundaries has been chosen for the slab in order to prove that complexities 
Ma, arising from variable edge conditions are easily handled. The effects of con- # 
tinuity will be studied by slab both with and 
the slab shown is divided into a series of 3- in. each strip 
: considered a beam of an equivalent grid system. The grid beams and their 
center lin lines, along which the deflections will be determined, are shown in Fig. 9. | 
See suse of the fixed- and free-end conditions, three sets of distribution mee 
ke ss required for the distribution of moments and torques over the gridwork. = 
7 Interior joints require but one § set of distribution constants, for when a . 
is introduced two equal length and equal crc cross beams» 
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GRIDWORKS AND SLABS 


wis 


“the same angle. _ The same stiffness factors are developed, and main 
the same distributive “effects are required for the ‘distribution | of 


4 stants in the two directions, for when moments are distributed in the north- 
~ south 1 direction, or one east-west beam is | subjected to torque; ; and when monients 
g are distributed in the east-west direction two north-south beams are ee 
4 to twist. — of the distribution factors for it interior and exterior 


‘Te Torque 


< 


= 


When thea gridwork is loaded at with a concentration P = 
Twelve deflections, A; through Aj, at the numbered joints shown in Fig. 

: _ completely define the elastic surface. Consequently, equal but arbitrary te 

displacements are introduced at each of the similarly numbered singular grid 
a _ joints in turn, while the remaining joints are temporarily fixed on a horizontal ae 
J datum plane by vertical | reactions. . When all similarly numbered joints are 


a simultaneously, a symmetrical distribution results a and the computa- po 


tion can be confined to one quarter of the slab. 3) 


Inasmuch as the numerical ‘Process of distribution is similar at 


= chart of Fig. 11. This chart, showing only the north-west quarter of the rod 
facilitates the simultaneous d distribution of the north-south and east-west, 

fixed-end moments of 6 E I developed at joints 9,5,and 10. The 
2 taneous distribution i is necessitated by the different end conditions in the two. 
directions. For convenience, moments are represented by the constant coeffi- 
= cient 6 multiplied by 1,000. As in example A, the carry-over factors for bend- 

ing moment and torsional moment t are 1/22 and - respectively. The 


j moments in the perpendicular direction. © Edge joints require re different = 4 


+ 


= 
i= 
7 dthatthe ####$ 
ing that G = 0.377 E, an — 
| to: be of constant length rit to 3 in. = 1/48 The expres- 
beam depth to beam unit angle of twist in a rectangula 
a beam has been taken from Mr. Timoshenko* 
| 
| 
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| 
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joint reactions, _ exclusive of El - caused by the be 


reducing by two the number of unknowns. The complete process 
reduces from 36 to ial of linear to solved simultane- 


aa _ After the | effects of the displacements at each of the singular joints have 
= determined, the reactions shown in Table 1 are calculated, using the 
Ee methods of statics. — s The reactions caused by As are illustrated in Fig. 12 and 
g the reactions—expressed in terms of the unknown ‘displacements 
ae ia but still exclusive of the term E I/l'—are accumulated at each joint and each 
a: ae reaction equated to a vertical load 1,000 P, the twelve e equations used to deter- < we | 
Be mine the twelve A’s result. Since the equations are merely a restatement of (op 
Table 1, they are not repeated : at this point. ies 
ee - With a center support at joint 12, only the first eleven equations ina’ re- 
- quired, inasmuch as An: is known to be equal to zero. Furthermore, the Ai: — 
is not present in the eleven equations solved. a 


‘The solution of these eq equations i is facilitated by u using the n of 
= Doolittle..° 0 ~The values for deflection at the grid joints are tabulated in Table mis 2 
a 1(b). Since 1,000 P was used in the equation formation, the e effect of multiply- 
ing 6EIA/i by 1,000 was s obliterated. deflection values shown are 
multiples of P I, in which the E, I, and are properties of the grid beam. 
in example A, moments and torques may be determined after 
Loaded Square with Clamped Edges.— —_— 
a ‘Square slal slab shown | in ‘Fig. 13 has been selected for analysis to show t the 


em Application of the Theory of Least Squares to the Adjustment of Triangulation,” by Oscar 8. Adams, sf 
No. 28, U. 8. Const ond Geodetic Survey, Ww ; 
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loaded slab. characteristics of slab are as follows: 


2 

= 


. 


slab ling be compared with the exact values the mathematical 


directions, in order to convert the slab into ‘a pseudogrid system. 
an >, This slab division gives rise to the ten singular joints shown. _ Under the action | 


ee os joints contained within any one octant of the grid will | completely. define the 
+ 


of a uniform load, the square slab will deflect symmetrically around its north- eZ ane 
south, east-west, and diagonal axes. Because of this symmetry, the 10 singular 


— 


guy 


a Bs ~h Peay. Since the grid beams in both directions have identical lengths and cross 


MAL 


_ sections, the resistances to bending and to twist will be constant at every joint. 


When the physical characteristics of the slab and the constant length and Way 


cross-sectional properties of the grid beams are involved in the sepa expres- 
sion," the following distribution factors will result: 


Percentage moment = 
ris Percentage moment = 36. 51 bending. . 


: pss direction, 36. 51% of the applied moment is resisted by two beams i in 
: E bending, and two beams in torsion resist 13.49% of the applied moment. 
‘multiple symmetry existent in this example permits the simultaneous 


_ displacement of all similarly 1 numbered joints and the calculation of the > 


auxiliary force systems developed by these displacements. As an example, 2 


eight joints designated ‘6” in Fig. 13 will be ‘defected equal diss 
tances when the gridwork is uniformly loaded. 
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ss z grid method as used to define the entire elastic surface of a 
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“Plate with Clamped Edges,” by I. A. Wojtaszak, Transactions, A.S.M.E., Vol. 59, 1987, p. A-173. 
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joints, will develop a distinctive moment and torque pattern. 
ee q When all of the joints designated as “6” are simultaneously displaced, ee 
ae shown in Fig. 14, a symmetrical distribution of bending and torsional moments a 4 
ee will result from the symmetrically located fixed-end moments. Consequently 
computations can | bec confined to the upper left quadrant. 
ha x The numerical process of distribution is illustrated in Fig. 15 for the dis- 
_ placements of joints 6 only. Again, the fixed-end moments are expressed as 
multiples of I/1,000 2, and the signs of these moments are in keeping with 
the: moment conventions “viewed ‘the: south. 


o-~ 


"e's 


Only the east-went, fixed-end moments are considered on the | grid system re bed 
cause the symmetry of the structure allows identical force patterns to 7 
developed i in the n north-eouth direction, when north-ovuth; fixed-end moments 

_ After the distribution process is complete, final bending moment values at kg 

the grid beam ends are used to compute end shear values in terms of the original * 


a As displacements. The force pattern developed in the north-west quadrant © mee 
is shown in Fig. 16. This force system is not complete, however, because it in * 
shows only the effects of the east-west, fixed-end moments induced by 

‘displacements As. Fortunately, the force pattern developed by the north- — 
south, fixed-end moments can be expressed without further | calculation. For 
example, t the reactions, + 10 102, — 483, — 72, + 1,107, — 654, read from 
east to west along grid beam A shown ini Fig. 16, will also occur in the r north- 7 
south direction along the orthogonal grid beam A. The sixth column of rr 
Table 2(a) shows the total reaction values due to the simultaneous displace- 
‘ments. The total reaction values result from an : algebraic summation of 
ee reaction magnitudes developed by both north-south and east-west, fixed-end — 

Similarly, the remaining 9 groups of singular joints are displaced, the 
moments distributed, and the auxiliary forces 
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a ave’ (a) Toran Reaction Vatues Expressep Terms or K I A/l* 
—40,870| +25,000| — 6,764|+ 1,000/+ 966/+ 266/- 120/+ 32) 
412,500] —37,559| +11,289| — 2,512|+12,924|— 3,575|/+ 280|/— 511/+  29/+ 17|—1,000P 
— 3,382| +11,290| —36,942|+ 8,597/— 191|+12,603]}— 483|— 3,368|— 148] —1,000P 
+ 543|— 2,513|+ 8,599|—-25,500|-  291/— 718|+12,808/— 631|— 3,745|/+ 703 
+25,850|— 380|— 586|—34,130|+24,356|— 5,238|- 384|— 638/— 88 
— 3,575} +12,605|— 718|+12,180| —33,744 : — 3,438}— 419 
+ 281/— 478|+12,806|— 2,619]+4 8,670] —21, 835| +11,437| —2,937 
— 1,022|— 6,734|— 1,260|— +24,740| — 1, 


300]-+ 1,406}- 846 


0.766 aan | | 2.135 | 3.304 | 3.935 | 5.135 6.134 | 7.341 


are not included because of their repetitious character. Alla 


“load are found equating the 10 magnitudes at 
a to the externally applied load P at the same joint. "Consequently, Table 2 is — he 


not only an expression of auxiliary force systems but also a statement of the 


The force P ‘is everywhere equal to For convenience, ‘es load Pis 
4 ‘multiplied by 1 ,000, thus nullifying the effect of the thousandfold increase in _ 

moment value. The solutions of these e equations are shown n in Table in 

which the values of displacements are multiplesof PP/EI. 


TABLE 3- —CoMPaRISON OF DEFLECTIONS IN TERMS | oF  wat/Eh 


4 


; 


loaded surface, as determined by the theory of elasticity and by the grid i 
_ analysis procedure, are found to be in excellent agreement. ae comparison of — 
‘deflections at the ten ‘selected positions is 3. The 
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il: 
10 — 5,970|— 1,404] +16,428] —9,646 
— 
| 
> 
analogy _1.00049 10.001. 40 00215 10. 00255 00390 00604 10. 00720 10. 00030 10.0 001343 
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obtained by the theory of elasticity, by I A. are in 
“pr terms of w a‘/E h3, in which ais the side length of square om; h is the thick- fy q 
ness of slab; and the other r terms are as previously defined. 
Since the length of the. grid beam (1) in this example is to 
_ grid analysis values shown in Table 2 can be converted as follows: ee 


Along the slab boundary there is lees beam definition since the nearest 
_ grid beam is one half a grid beam length removed from the edges. Asa a ses asl 
the gr r n the gri nal sis occurs near the e slab boundar 
pan: The analysis ¢ of gridw orks and slabs subjected to normal load is a tedious : = 
process, for the calculation of deflections and the determination of their sig- ahs < 
nificance should be at points in order to define 


a7) 


“The dev eloped in this p ‘paper eompare 

_ any known method for determining slab and gridwork deflections. The method 

is fundamentally a a numerical process that results in the solution of only « one. : 

s series of simultaneous equations. When any series of linear equations < contains | 4 

_ frequent coefficients of zero values for the unknowns, the solution of the > y 

equations: is relatively simple. This condition may be realized in the 

deflection equations of this method by ‘performing fewer. cycles of distribution 

thus confining the dispersed moments to fewer joints. more errors 
are incurred when this expediency isemployed. oak: 

ae : When applied to a true gridwork, the outlined method results i in an “exact” — 


“) 


torque distributions express the unknown ‘moments and t twists at each joint 
in terms of the unknown displacements that comprise the terms of the linear 
‘ equations. R It is believed that the initial threefold indeterminacy assumed at 


slab and gridwork, numerous results computed by the grid method and oe 
_ by the theory of elasticity seem to validate the grid analysis procedure. | Ob- 
vou the accuracy of any analysis j is dependent on the number of grid beams 
used to approximate the slab. Using an analogous grid consisting of six 
_ north-south beams and six east-west beams and solving directly linear + 
- tions containing all three unknowns at each joint, Béla Enyedi* has" shown 


— 
— 
= 
— 
| 
psidered by other methods of grid | 
— 
— 
remarkably well with Mr. Marcus’ solution by the thedry of elasticity. It 
Lac oa ee is interesting to note that the deflections in example C, computed by the grid i i, 


RIDWORKS AND SLABS 


with the exact than thos fered by 


io The degree and the variation of fixity or freedom existing at the slab ie es 
gridwork boundary does not complicate ‘the solutions for “deflections and 
“al moments, since the distribution factors at grid beam tormisials are so assigned 
reproduce the given b boundary “condition. hen the fixed 
conditions of the slab in example C w ere imposed | on the, grid beam ends, the 
_ elastic surface developed by the grid system was found to be strikingly similar — 
to that t computed by Mr. Wojtaszak. Fig. 7 illustrates a slab irregular i 
shape and variable in boundary conditions and the possible art arrangement of 


‘Fra. 17.—Grip Beams FOR Vani 
ABLE BounDARY CONDITIONS 


"| The analysis of flat slabs that are continuous ov over r column or wall supports * ey 


grid beam for various cases are shown in Fig. 18. 
Other extensions of the moment and torque distributions are feasible. 
Investigations are being made of slabs on elastic foundations in order to psf 


In general, the moment distribution method for determining deflections 
nd moments in gridworks and slabs exhibits a versatility that is not char-— oy : 
cteristic of other analytical 1 methods. 73 There are some who will reject the 2% a 
“simplicity of the numerical approximation for the elegance of the exact mathe- Ks aa im 
atical analysis. Where solutions by the theory of elasticity are known, this — 
attitude seems justified, although a thorough evaluation of slab action by ‘- =) a 
Ly scheme is a time-consuming process. The real merit of the grid : analogy a = 


approximation used in this paper has yet to be explored on slabs sce 


efying solut solution. 


12“Die Theorie elasticher Gewebe und ihre Anwendung auf die biegsamer Platten,” by 
enri Marcus, Julius Springer, Berlin, 1924, 1924, p. 152. 


— — 
Marcus’ finite difference ana 
|e The method of mom — 
ent and torque distribution | 
4 
Hp 
— 
th (hod. AS shown In example tne 
simplifies the analysis of the flat sla UE SUPPOrt - 
support joint and consequently red by probibiting deflection at the 
4 y reducing the number of unknowns. 
— 
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COMPUTATION OF DEFLECTIONS 


in ‘ees ‘Wojtaszak gives the following expressions for the calculation of 
deflection of a loaded rectangular plate with edges: hi 


16% 167 D 


. 


n 


7) 


a side; gz and y are of plate, origin at “conten D is s the | pate 


cosh —2z2 cosh 


a 


0943, 

Ss thd The deflection values shown i ‘in Table 3 were calculated | using these expres- f 4 a 


L 


: sions. Deflection influences can be determined for any point defined by the Ss 


- coordinates z and y by expanding the above series. Since the series converges — y 
a very rapidly, only | three or four terms were deemed necessary . Throughout — = 
the enloulation an accuracy. y of five decimal places w was used. fits!) dolby ons 


rT 
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iii — 
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naw brit’; 
has been with the oft a loaded in its own rather he 
; * than transverse to that plane. The two problems are very similar and can be <2 
solved by the same general procedures. The authors replace the slab 
plate: by intersecting beams having both bending and torsional “resistance. 
Some of the fundamental plate characteristics become lost when this is ne e d 
and the evaluation of the elastic properties of the network members is esl i= 
_ only y approximate. — _ The solution obtained by the authors shows t the errors to oe 
minor in character for the particular problem solved. old ai 
—- more exact network of beams can be determined readily. from the aa 


7 


| > 
— 


in two respecte—(1): only bending stiffness is considered, and (2) diagonal 

intersecting beams are added. The elastic properties of the beam network 


ds. ai halen! somal or pare 
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4 
beam network shown in Fi T 
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= 
@ 
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== 2 I (for both bending and warping).......... 

entire plate i is then formed by ‘the consideration of all the beam elements a 

«Eig. 19). The side elements add stiffnesses to become 0. 751. The entire a 
ew then has been replaced by a finite number of segments, each with sides of oa a z= 


‘Errors have been found to be very small rr ott only a very few ‘segments are 


<e ‘The s solution of the b beam prone requires s considerable work and if extreme 
care i is not taken in the selection and adaptation of procedures a a very difficult 
convergence problem arises. Generally a numerical iterative solution is used 
and, although errors at any given point may appear § small, they may ra cumu-=—Ss 
lative at one or more points, resulting in large local errors. 
The beam network shown in Fig. 19 is exactly the same as that used for. os 
“plate loaded in its own plane if the moment of inertia is replaced b by the area of 


the segment. discussion shows, therefore, that pure bending and warping 
of a plate transversely are to direct stress and shear i ina plate 


ALexanper C. Scorpe.is," J. M. ASCE —The of the monient 
_ distribution method to the solving of deflections in gridworks and slabs, 
: ‘presented by the authors, is to be commended - Bince the moment-distribution oe 


- deflections at all beam intersections if a lar ge number of segments are used. ae 


_method is familiar to all structural engineers, the technique ‘developed 
by the authors can easily be followed and understood and, in most cases, 7 
‘The solution of any problem involving the deflections i in gridw orks slabs 
“is a tedious procedure. Using the method presented i in this paper, it can be 
seen that for gridworks that lack symmetry and have many joints the work “| a 
involved becomes appreciable. A separate solution must be made for each 3 
joint displacement, then for each of these solutions reactions or - holding forces 


8 simultaneous equations which satisfy shear relations must be so solv ed. ele | a 
- In comparing this method with the moment-distribution method used in 
-sidesway problems, an alternate procedure suggests itself. Sidesway problems— 
better yet, problems involving joint dispacements for frames loaded in the 
4% a plane of the structure—may be solv ed in one of two. ways: - The first is the so-— 
called superposition method, which is analogous in many respects to that used 
Bi & the authors in solving’ their problem; and the second is that of successive 4 
- shear corrections. This latter procedure i is considered by m many to be superior 
to the superposition method since, when the number of possible joint dis- 
placements becomes great, it eliminates the necessity for making separate i 
‘Phe method of successive shear corrections can also be used i in solving for — 
defiection in gridworks and slabs. As a general case, consider the gridwork 


bd 
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— 

— 
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a ote in Fig. 20, with a load of 1,000 P, at joint 1. 
Ba as that shown in ~~ 5. For the solution of deflections by successive § shear P| 


* 
St. 


sg 

These equations will involve the external load at the joint and the shears at ee 
“far ends of the members framing into the joint. These shears ¢ can be expressed _ 
in terms of the moments at each end of the four members. is ‘For ai at 

(Mat (4 Miz 24 Mn Mar + Mis 
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distribution convention when viewed frome the south and the west. 


Step 2.—With all joints locked each joint is displaced. These 
ments. produce fixed-end moments in the members framing into each ne 
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SCORDELIS ON GRIDWORKS 
ae Since the amount of fixed- -end moment introduced is a inensere of the displace- 
a = ment given each joint, the initial values should be entered into the tabular bi 
solution in relation to the anticipated displacement of each joint. Here’ the 
ss analyzer must exercise his judgment and experience. The closer these initial — at 
 fixed-end moments are to the total joint-displacement m moments for the structure 
4 the more ra rapidly the solution will conyerge. . For the gridwor ork shown in Fig. nie = 
20, it i is apparent that joint 1 will deflect the most, joint 4 the least, and joints” 3 
2 and 3 an equal amount somewhere between 1 and 4. Therefore ‘in the -s 
a. solution shown in Fig. 21, as an initial estimate fixed-end moments — ; 
; "hon been introduced as follows: Joint bh = 200 P L; joints 2 and 3, fe = 
= 100] P L; and joint 4, f, = 50 P L. a 
Step 3. —The joints are unlocked ok: two cycles of moments and ae 
are distributed. 3 Moment values are summed and substituted into the sheer 
~ equations (Eqs. 23) to check the accuracy | of this approximation . The follow- 
ing results are found for the left-hand side of the equations: Joint 1, — 76PL; ‘ 
joints 2 and 3, + 144 P L; and joints 4,—88PL. Since these should all he 4 
equal to zero, it is seen that joints 1 and 4 have not been displaced enough and 
joints 2 and 3 have been displaced too much. ry 
_ Step 4.—With the joints again locked, additional fixed-end moments created a 
" by joint displacement are introduced in an attempt to ) satisfy the shear equa- 


an tions: Joint 1, fi= 10 P L; joints 2 and 3, fe = = F; = —18 P L; and joint 


Step 6—The joints are again unlocked and two cycles ‘of moments and — 
Summary. —The foregoing procedure is repeated until finally all moments 
ae a joint are in balance and the shear equation for each joint has been — 
satisfied. The structure is now in complete equilibrium. The moment totals 
- shown in in Fig. 21 indicate the true values of moments and torque at each end 


To obtain the deflection of each joint, it is necessary to s ‘sum up the 


00 +10 
200 - 


0: The values of A in E in a . 24, when divided by 1,000, compare fav orably with 4 } 
, ve results obtained by solving Eqs. 16. More accuracy could be obtained — a 


a 
a 
= 
| 
totals to 6 EI A/L’, and then solve 
= 207 P L; and A; = - Tent 
SETA: (100 — 18 + 4) PL = 86 
— 


The: foregoing method of successive some ‘advantages a 


how many joints are involved. 


= 
of the the solution tion. This be becomes comes important when the of joints 


m * Final answers for torques and moments are obtained at the end of a 
single solution. 
the 


relationships between the various joint displacements, thus speeding the > 


= The method of first using a coarse net, and then with the dis; lacements 
obtained therefrom proceeding to a finer net, can be pursued. = 


- In cases of symmetry of anne” oh is ati to use short cuts similar to 


Each new loading condition on the structure involves a separate solution. 
any particular problem the analyzer must decide whether to use 
~ superposition method or the successive shear corrections method. Each has pets 
definite advantage in certain types of | problems, and the analyzer should be | Be 
Paut J. Brennan," J. M. ASCE. —Evidence on the action of reinforced 
conerete slabs is ‘obtained from analysis, testing, experience, and judgment. 
Information from one source may substantiate evidence from other sources, _ 
may disagree with evidence from other sources, or may introduce evidence that — pa 
of 5 is not apparent in other | sources. — N onetheless, all are necessary for an under- 

_ standing of the structural action of reinforced concrete slabs. 
Mathematical analysis is an important and relatively inexpensive source of 
evidence and a necessity in the interpretation of data obtained from tests. 7 
absence of a satisfactory method of analysis is one of the major impediments i in fig 
the study of slabs. J At present, slab analysis is restricted to the mathematical =— 

theory of methods of static control, approximate formulas, a and 
systems that assume the slab to be a grid. _ Each approach is limited. forte a} aa 

a The mathematical theory of elasticity is limited to homogeneous and 

isotropic plates. The expression defining the deflections must known, 
and must satisfy the boundary conditions and the Lagrange equation. The 
Lagrange expression, which equates the statics to the slab deformations through . : 
the properties of the material, is not general. ~ It is only applicable when the : 
moduli of elasticity y are the same in all Ahounbiae and the moments of inertia 


_ about horizontal axes are equal in all eyes enna concrete slab 
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me conditions. 
anthough the total moment across any section or sections of a slab may mM a 
known, the manner in which these moments are distributed is not known. 
‘This may not be serious, however, because, if provision is made to resist ~ 7 : 
e ~ total moment, the slab will probably adjust automatically to resist it and ad 
The e general grid ‘approach has the of a physical 
ae It j is somewhat straightforward and uses tools that have become familar es 
many engineers. However, it does have disadvantages. Ww hen a 
‘pr c. The number 
of strips to be considered is not obvious. Dependence is placed on values of 
torsional resistance in concrete which nebulous the lack of values 
T 


systems that may be For a system using a grid of beams 


_ dependent upon linear simultaneous equations for the solution of deflections 


Eos _ was presented in 1933 by John N. Pirok.* The method presented by Messrs. — | 

. a Ewell, et al., has the disadvantage that it is dependent upon the solution of ee: 
linear simultansous equations. The grid system t that i is dependent, in whole 
2 in part, on linear simultaneous equations is open to discussion. it is 

oy Yi possible to solve a few equations containing a few unknowns if the equations 4 is 

are of the right form. Symmetrical slabs with symmetrical loadings do not = 


involve e a prohibitive number of equations. The unsymmetrical 


in thickness, ‘any support conditions, and any loading. "The mathematical 

c he approach i is limited by the « assumptions on which it is based. If the reinforced - 
concrete slab does not conform to the assumptions, the mathematical analysis 


be an unsatisfactory | source of evidence. Even with reasonable conforma-_ Wa 
tion between the assumed action and the structural action, mathematical — 
analysis is not sufficient by itself. Testing, experience, and 
considered and evaluated with analysis. 


LELIAVSKY Bey,” M. ASCE —Not only this 

ee merit, but also much timeliness, for the problem it deals with— = 

Buses , the bearing capacity ofa a thin plate ‘supported (or fixed) on four or ke q 
two sides—calls. for further and possibly, "deeper study, which, the writer 


ae may result (if successful) in a material saving in the expenditure a 


yi =i “Seaton | in the Analysis of Slabs,”” by John N. Pirok, thesis presented to the University of Illinois. a 
at Urbana, Ill . in 1933, in partial fulfilment of the requirements for the de degree of Master of Science in Civil 7 ; 


La 


| 
‘ 
— 
— satisiactory solution of these equations for sufficient number of grid 
— beams to represent thisslab is questionable. 
writer believes that a grid system approach to the analysis of reinforced * 
eonerete slabs is valuable and may be an important source of evidence in the 
t 
— 
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pe 
on steel gates an 
that the principle of substituting a ery for a slab is not as obvious, as it a: 


appear at glance, for from the standpoint of elastic 


—because of the lateral elastic constraint in the slate. 
In Fig. 22 the | elastic deformation is intentionally exaggerated, and the Ay 
: is assumed to be supported on two sides only, that is, AB and CD. As 
the plate bends, is in part of the central 


‘section, abed, ‘and is in the corresponding lower part. 
_ didering element 1 as a free body, its top width ab becomes a,}, because of the - 


ateral effect of the main stress while cd deforms 1 to the length, C ‘ga os 


However, since elements ‘2 and 3, adjacent to element 1 , prevent these 
ve “lateral deformations from taking place, a secondary compressive stress must ee 


at Tight angles to the main, primary bending stress in the upper 


~ 


part of the plate; also, a a secondary tensile stress must be found to occur in ao a 
the lower part of the same section. - These additional stresses can be visual- oc. 
ized as being caused by a constraint moment, acting at right angles to the — fate: 
main bending moment—very much as if one side of the plate had been heated boty 


at the same time, deformations were prevented. 
To estimate quantitatively the importance of this lateral effect, the general — 


ve 


ote 2 Oy? 
The symbol w represents the vertical whereas | 
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in in E and ¥ are, the Young modulus and the Poisson q 
es and h is the thickness of the plate. Since in Fig. 22 w is constant for given 4 | > of 
bet is , integrating, and ‘substituting w=0 and a iu 


- 


| 

for the case_ of ordinary beams as those of the grid. Comparing th 
3 in Eqs. 27, it follows that Eq. 27a can be from Eq. 275 


\ 
Assuming th that for steel = 0. .3, it follows t that the deflections. of an equiv- 


= alent grid are _ about 10% greater | than those of a . plate. e. Thus, the plate is oh at 
aN. 10% more rigid than the grid, owing to the effect of the lateral constraint. = 7 


‘The authors’ comments on this point can enhance the value of the paper. 
In particular since the deflections calculated by the authors’ method were — 
ee greater than those computed by Eq. 19 (see Table _ Siete ee 
3 In most engineering structures such as steel gates or reinforced | concrete = 
4 


3 decks, the designer is not ; concerned with a a single unit, but with a group > of 
contiguous plates. This fact introduces a new element in the mechanical 
oa analysis of the problem—namely, the horizontal component, y of the : reaction. * a 
‘a Had the plate been ideally rigid or, alternatively, had its edges been provided e ; 
ae with sliding or roller bearings, this force could not have developed. However, m : 
& since the plate is usually even more flexible than a beam, and its edges are 
- cae either cast together, riveted, or welded to the supporting beams (which possess 3 
os a certain degree of lateral rigidity, or are prevented from moving transversly _ — 
“yeas by the plates spanning the adjacent panels), it follows that each individual va 


as panel will work as a chain or rope, somewhat i in the same manner as a sus- ; 


To the usual equation of the elastic axis of the plate—- 


—another term, — —Sw, must, therefore, be : added; and, thus 


_ 

— 

a 

7 
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Eq. 29, Ph. Forchheimer'® 


nt, ol 

-8 


1 — sech 


this force, the len 


fin the function f(r 0/2) he produced a table which, for practical ¢ con- 
- venience, the writer has converted into a graphical form as shown in ~~ 


4 if of the paper under discussion, it is rather important to consider the force, 8, or 
2 for in this manner a solution may possibly be obtained, explaining—at ait 
partly—the fact that, in nature, plates are capable of withstanding far ee 
loads than those calculated from the various elastic bending theories. : 
oe To afford an idea of the exceedingly high capacity of elastic plates in 


nature it will suffice to quote some of the classical of C. 


1909, p 


‘Die ebener und Behilterboden,” | 


— 
— 
rder to caleu 
+ 3 
= 
= plate, the formula for the bending — 
ae. that is. for fixed plate. the for | the symbol 
ill include an — relevant function (in pla 
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if ‘the actual test data) pitiotace 

i. . Square Plate-—Sides a = b = 80 cm, thickness h = 0.8cm; mene per- 
 missible unit load p = 0.48 atmosphere. _ The pressure was raised to 24 atmos- 


Square Plate, ‘Same Size As Item a But with h = 1.6 Cm. .—Calculated 


p= = 1.92 atmospheres. The pressure was raised to 20 atmospheres. _ There 


" Bo pa no sign of failure, bt but the test was discontinued ed because of of leakage i in the 


Rectangular | Plate-—a = 40 cm and b = 80 cm, h= 0.8 cm; 


‘oad p= atmospheres; p pressure raised to 28 atmospheres 


» Rectangular Plate, Same Size As Item c But with h = 1. 6 cm.—Calcu- 
Pe jn p = 4.8 atmospheres; actual p = 34 atmospheres, after which the tert 
discontinued, because of leakage in the joints. ite 


t appears from these data are e phenomena to the 


"plastic range of conditions. 

‘a that, according to R. 
_ by the authors, is particularly suited for dota with such cases, and it would 

_ therefore be of considerable interest to ) develop the solution in this direction. 

~ To sum up this discussion, there are three points that require further 

~_ explanation or development—(a) the effect of the (1 + u?)-factor, (b) the 


effect of the S-force, and (c) the effect of plasticity. 


WATTERS PaGon, M. ASCE. —There have been solutions of this 4 
a mn for slabs of circular and square shape, but when the e shape e becomes: irregular a 
exact analysis has heretofore been impossible. ‘In general, it remains so. 2 
course, “following the authors’ method, the work involved becomes 

pendous, unless the computations can be so arranged ai as to be ha secret y a ie: Sy 

. a A trapezoid, such as that in a skew span, has been treated fairly extensively es 

bs by others, but in modern concrete bridges there often arises the problem « of stress a, 4 

. in an irregularly shaped quadrilateral such as the type occurring at theentrance __ 

oe s or exit of aramp approach. Sucha slab at times also requires a central “edge _ 

beam” extending from a salient corner, which makes the problem essentially 
one of two adjacent, continuous spans straddling the central edge beam with 

s negative moment over it, and all complicated by the irregular shape. — A very — 
Ee flat dome roof, with reinforcing ribs and local concentrations, in addition to X 
ee customary uniform load causing radial and circumferential stress, writ 

Specifications of the American Association of ‘State Highway Officials 
-(AASHO), for the | design of an edge beam, are a compromise, and permit the 
a design of a deep curb beam or the addition of extra reinforcement totheouter — 
edge of the slab. “This i is a problem which in the writer’s 8 opinion deservee 
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‘the writer fully realizes that these suggestions contemplate extensive ‘work, 


_ that there is any other recourse to some of the problems other than by using 


~The authors are to be congratulated | on their. efforts. 


M. Fercuson,”! -ASCE.—The ‘possibility of slabs by 
‘s procedures with which many structural engineers are already familiar is intro- 
Rs _ duced in this well written paper. It is true that other methods of slab analysis, 
involving difficult mathematics, have made great progress and have been the ’ 
el basis for productive numerical methods. _ Nevertheless, the field of such 
methods thus far has been limited to slatively simple boundary conditions. 
This new approach appears to be on a very flexible basis; even variable sections — 
and slab openings are minor rather than major difficulties, = = 


This i is an entirely new approach in the sense that related earlier work 


Pan ‘pears not to have found its way into English publications. Since foreign 


be 


= 


oom language reports. are not actually available to most American « engineers, those 
__.who report promising developments from abroad deserve recognition. Inthis 
the authors have gone { further and introduced American procedures that that 


appraisal. _ The first fi factor i is the accuracy of the results. A Deflections of slabs 


are of importance ‘structurally compared to bending moments 
slabs. Methods that are adequate for deflections may not be entirely adequate 


; 


of their methods and the results shown i in Table are re quite good. Nevertheless, 
‘ate other comparisons would add much to the paper. Itis hoped that their closing 
ee discussion will show such comparisons, which they report as available, , and ~ 
will also include a brief restatement of Béla Enyedi’s numerical comparison. 
ate The writer w ould like to. have this additional basis for evaluating the general 
addition to the approximations involved. i in using finite widths of strips 
(and relatively large finit finite widths) instead of differential quantities, it appears — 
that this procedure now neglects the Poisson ratio effect. _ Possibly this is one 
aa venaon the authors’ values in Table 3 are slightly too large. sinner om 


be obtained. The writer does not quite visualize the manner in whieh 


it not more accurately. to one gery anvils uniting 
ee ‘The method as presented i is limited by the fundamental difficulty of handling 
number of simultaneous equations Before much progress ca 


— 4 ‘ 
— 
i 
Bay 


quadrant used in B; but such solutions can be ‘= 
classified as practical. If grid methods can also be used for slab analysis, as any — 
_ this paper suggests, further study of such pr rocedures is quite important. Ese 

The writer would like to recommend the sahaletion form used in Fig. 6 as _ 


being far superior to that used i in Fig. 11. It is realized that Fig. 11 covers we 
about both axis zz and axis yy. These ld be 


calcuations would be easier 
—_— follow if separate tabulations were set up for these two axes. For members — ae 
Beene at right angles there is no transfer of data between the calculations ae 
for the two axes; hence, tabulations need not be adjacent. 
The In one respect the writer is critical of the authors’ detailed procedure. es ot 
i Figs. 9 and 13 show slabs with fixed edges. The gridwork substituted for these Al 
iz slabs i ignores a half strip width adjacent to each fixed edge. te Since these | half ae 
strips also ‘deform, their neglect seems equivalent to. assuming a fixed 


otherwi ise, e, which “might | seem to refute this 
a ~ the writer believes that this is simply evidence that some other important ae 
factor giving an opposite « effect has been omitted, possibly Poisson’s ratio. 


= Further study of this method is definitely needed before it can be fully 


accepted. However, the method has such promise (if it can be entirely vi om 
that such further study i is more than justified. ng 
_ The writer knows of no o other method that approaches this close to the solu- wy Y 
tion of practical (a) Of flat that are not entirely regular, (b) of 
words, the design of we the structural engineer encounters ry day i in ae 
day out. Even if the method cannot be fully it may ‘yield 


1eard of this method in the "The authors are 
oF 
to be commended for this pioneering step. 


Roserr Vv. Warman, 2 J. M. ASCE.—This discussion is concerned with 
authors’ treatment of the so- -called grid analogy for obtaining solutions to 
in the bending of flat plates. The fundamental concept behind this 
analogy i is certainly sound. However, the pa paper leaves in doubt several points 
Rae > concerning the stiffness factors to be applied to the beams of the grid. me 
a _ First, consider the choice of the torsional stiffness factor. In both of the i 
a plate examples treated by the authors, the aspect ratio of the grid beams was ‘ 
calculated and the corresponding value of the factor 8 in Eq. 3b was then 


selected. Suppose that the number of the beams in the grid were to be increased © 


many times, the plate thickness remaining unchanged. The factor would 


q a decrease rapidly, and correspondingly the relative importance of the ns 
stiffness factor would increase as compared to the bending stiffness factor. as 
, oe In the limiting case of infinitely many very thin beams, 8 would vanish and the 


calculation would indicate | no twisting moments in the plate. ar ey ee 
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| 
This indicates that the use of a torsional stiffness 
led to the aspect ratio of the grid beams is not correct. Rather, the value 8 = 
should be used at all times. The results of the caleulations can then be used 
_ for a plate of any thickness, assuming of course that the limitation on the - a 
magnitude of the transverse shear forces is observed. Following the authors’ i 
dine of reasoning, the deflection values listed in in Tables 1 and 3 would hold 
gs accurately only for one value of plate thickness, and small changes in the 
- - distribution factors would lead to slightly different deflections for other thick- - 
Fs "messes. _ The values of 8 used by the authors were very nearly one third, fend 
these comments affect the general rather than their numerical 
choice of the bending stiffness factor is also open to ‘question. The 
‘aoe use a factor that is independent of Poisson’ s ratio, although it is well q 
known ‘that the bending stifiness: of the beam elements of a plate is increased : 


. ae ratio ; 5 Since these clements are restrained against lateral change in hi 


thickness. would seem that the grid auslosy would be most accurate if 


the beams of the grid we were to conform as nearly a as poseiisia te to elements cut from — ‘ 4 


“a Unfortunately, no simple, concise argument it is : at hand to ai aid it ina definite cheles 


ings 
If the suggestions in the preceding p speetieatins are followed, the an 


factors, eppening in Eqs. 18a and 18d will become re 


= 12. 62 torc auld 
moment = = = 37. 38 bending. 


Sa are not large, and the auxiliary forces listed in Table 2, for example, would not 


equations “sometimes cause » considerable change in the solutions of these 
ee equations, it is difficult to estimate how much the values in the bottom line of | 


a greatly altered. ‘Since small changes in the coefficients of 


is _ “A Network Procedure for the Analysis of Flat Plates Subjected to-Transverse Distributed ae 
by Milton M, Platt, thesis presented in 1946, to the Massachusetts ina. of Technology, Cambridge, — 
=r in partial fulfilment of the requirements for the degree of Doctor of Science. 


a 


— 
— 
— 
: 
— 
= 
a 

4 
— 
— 
ilineinto the deflection values in lable 3 will contain the factor ——,, and! 
Positive answers to these questions can be obtained only from a mathe- _ 
matical demonstration of the validity of the grid analogy. Such a task was 
undertaken by Milton Platt*® who wrote the equilibrium and continuity 
equations for the joints and beams of the grid system, and then applied differ- 
ence and summation procedures to combinations of these equations. In the 
5 niting case of infinitely many beams these operations yielded the differential | 
—— uation for the bending of plates, thus establishing the analogy. Mr. Platt’s $$ | 
Pre rk confirms the use of the same torsional stiffness factor for all grid beam _ + a 
pportions. Since he applied the demonstration only for the case u = } 
a 
— 


further is necessary to to -establist ish definitely proper bending 
as stated by the authors, the labor required to solve plate sidiaanil in aia 
fashion is still considerable. As a result of some experience with the procedure, = 
a it is estimated that an experienced person using this procedure on a plate such — 
as the one in Example C would consume about 40 hr for the determination — 
% oft the > auxiliary f force system, and | another 10 hr to solve and check the simultan- _ 
iy eous equations ‘and to assemble the desired results. By far the ‘major part: 
~ of the work is in the moment distribution steps. The authors suggest one 


Fre. 25. —Counrenpart or Fia, 16 wits No Toston Inciv 


NG the torsion of the grid beams. Then beams feaeeaibhc at a joint will have be 
tt the same deflection but not necessarily the same slopes. . Iti is instructive to. 
5 see the magnitude of the errors that may result from such an ‘assumption. “3 
ae nm When there is no torsion it is only necessary to apply conventional moment i. 


to isolated beams. For example, consider the plate 


2 can ‘The work of forming the table has been reduced, and 
__ will contain a good number of zeros. Such a “no-torsion” solution has been 
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TABLE oF Maximum DEFLECTIONS AND MOMENTS 
UntForMLY Loapep, SQuaRE PuatTes (See Fig. 13) 
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= solution has been m ‘summarized i in Table 4(a). 


8 manner r of eases grid beams i is ‘the s same as s for one e quadrant of that aw “a 
_ Except for the distribution factors used at joints 4, 7, 9, and 10 (Fig. 13) i 
a numerical work follows exactly t the same form. a Table ‘4(0) and Fig. 26 show p= 
_ the results of applying the grid analogy to this problem, first with torsion ~<a 
cluded and then with no torsion. The edge shears shown do not include the Ve 
effect of the loads on the grid beams of width 31 which lie immediately adjacent — 
a to the fixed supports, a1 and which do not enter into the distributions. = 
Ih this case the assumption of no torsion gives deflections which are very rif 

muc much in error, and the | discrepancies in the moments and shears are also 

considerable, These larger er errors are not s surprising since the case is one in e 

which torsional couples are certain to play an important part. _ 


is clear ‘that. the approximation of no torsional forces must be used 
tiously, and only after the investigation of numerous other cases. For the 


engineer who is primarily concerned with obtaining estimates of the maximum Bec <e 
stresses it may prove to be a useful tool. weed 
e F inally it is of interest to observe the ac accuracy of the authors’ method when 
applied to this last example (Table 4(b)). When moment equilibrium about — 
the side oz is investigated, it is found that the various edge forces contribute es 
‘to resisting the moment of the : applied load in the following amounts: Bending es 
moments along z~-x, 26%; shear forces along y—y, 67%; and twisting moments ie 
along y-y, 7%. Since, theoretically, there should be no twisting moments 
along the clamped edges, 7% is a fair estimate of the over-all accuracy of the. > em 
J ozx I. Asrams,” J.M. ASCE.—The writers are gratified by the interest shown — 


int their paper and would like to thank the discussers | for their worthwhile _ a 


Mr. Brennan emphasizes ‘the importance of correlating experience and 


, judgment with mathematical analyses of reinforced concrete slabs; with en 
bs: point, the writers are in. complete agreement. This i is particularly true when 
_ the mathematical analysis is to be predicated on a series of ideal conditions | c 
rather than on those which actually exist. __ However, analysis must be con- ee 
sidered a a guide to engineering judgment and in many cases more than one type 
of analysis can and should be carried out. It is with this fact in mind that the — 
method is presented, as an analysis to augment rather than to supplant 


rof. of Civ. Eng., ‘The Johns Hopkins Univ., Baltimore, Md. ee, 
% Asst. Prof. of Civ. Eng., Univ. of Hawaii, Honolulu, 
Instr., Civ. Eng., The Johns Hopkins Univ., Baltimore, Md. i 
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EWELL, OKUBO, AND ABRAMS ON 1 GRIDWORKS AND 5 rag 
It is that the ‘grid method of can be: readily to 
slabs characterized by nonisotropic materials and varying thickness. Im- 
= ato exam ples of this type of irregularity have been discussed by Mr. ee 


is naturally mor more difficult because of the increase in the number of linear 
simultaneous equations required for a solution. “Still, an approximate solution 


an answer that would: at least it indicate the behavior of | the system. 
The distribution procedures used in this paper, although not 
characterized by ‘rapid convergence, can be extended to any degree of finality — 
that is desired. characteristic is ‘common to most of the 
used in engineering practice. The analysis of a slab that isun- 
_ symmetrical i in loading and geometry requires the solution of a large number of ss 
equations, as has been stated by both Mr. Ferguson and Mr. Brennan. How- 
Rod ever, if a problem warrants a solution at all, and if a solution cannot be obtained ‘ 
in another manner, this should not be considered a consequential deterrent. a 
ee _ Mr. Pagon wisely suggests the use of electronic computing devices when such 
iy The accuracy desired i in he abl determines the number of grid strips s " 
to be. selected. In the limiting case of infinitely many grid strips, Mr. Platt® ae 
has established the fact that a grid system acts as a slab. The writers - 2 
luctantly admit that no attempt has yet been made to correlate the variation sg 
BR in accuracy with the variation in the number of grid strips, but future studies 
a should provide this information. Of course, unorthodox problems must always 
be given individual consideration. 
The wit writers are indebted to Mr. Scordelis for his discussion of the shear 
correction on method as applied to the moment distribution process and his 
subsequent application of this method to a grid system. The procedure 
obviates the simultaneous solution of the shear equations. How ever, if the 
process is : to be most effective, the analyst must judiciously choose a a group of oe > 
fn fe joint displacements that will accelerate the convergence. In a complicated — Ba 
slab ) problem, the » analyst might find it difficult to select the best displacement a 
values. _ Moreover, the shear correction method also becomes tedious when a : 
number of grid joints must be considered. In spite of these disadvantages, _ = 
Mr. Scordelis’ application represents an an important refinement to the basicidea. 4 
= As indicated by Mr Mr. Whitman, the effect of restraint that actually exists in a 
e any beam cu cut from a a plate was not considered in the grid analogy. In 1 order 4 
A Fe to make the plate and gridwork systems comparable, the restraint effect 
should be considered when choosing the stiffness factors. this sense, the 


the term ‘ ‘analogy” is s somewhat misleading. 
ss Tnasmuch as the inclusion of the restraint factors causes no new cificlty _ 
the fundamental process, it should dor 


* 


— 
— 
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-. ‘aa number of grid beams and thereby reducing the number of equations to bey. | a , 
— J 
‘ 
4 
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closely to the plate. This fact emphasized b 
Mr. Ferguson, and Mr. Whitman. Ad ORG) 


= as the torsional stiffness factor for all 

a values of the. aspect ratio of the | grid beam. Whether this is a valid assumption | ic 

i is open to discussion and further study. Mr. Whitman explains his choice ii 
a ri: the case of infinitely many grid beams with slab depth held 1 


“infinitely many arid beams,* the aspect ratio. (depth "divided by width) | 
- Since all grid strips cut from the plate o 
modified. . When the cross-sectional ‘dimensions. are small as 3 compared to the 
* length of the member, the constraint has a negligible effect upon the torsional ei 
4 stiffness.2* This is true when several of the. cross sections are constrained, bu rm ae 
its s effect on the case under discussion is questionable. 
Leliavsky Bey and Mr. Whitman indicate that the bending stiffness 
be modified by the factor uw. The writers are especially 
 Leliavsky Bey for his demonstration of this fact. 
ad _Leliavsky Bey attributes a plate’s capacity to carry more load that 
ae calculated by existing theory to the force in the plane of the plate, and, furthe 
ay ‘more, ore, presents a very practical ‘method of calculating. this force. The Fore 
= _ heimer graphs (Figs. 23 and 24) greatly simplify the lateral force determination. 
4 On a gridwork o of beams 8 it is conceivable that the magnitude of axial f force 4 
ee within any beam can be calculated by some of the better-known methods of » a 
Pe ay structural analysis. In fact, Mr. Benjamin has shown how a gridwork can be 
a used to de determine the forces developed in the plane of a plate subjected to edge Es, 
loading. Perhaps Mr. Benjamin’ 8 grid study can be coupled with ‘the writers’ 
“tnd in sodas to determine axial, bending, and torsional effects simultaneously. se 
5 one Mr. Ferguson has questioned t the advisability of i ignoring a half grid strip 
adjacent to the plate boundary. Still, the writers are e convinced that they 
ws ee: have used the most rational plate division. Such a plate division is not et 
i _ tantamount , to assuming the boundary one-half grid strip away from the actual — yon 
= plate boundary since the perpendicular grid beams have their terminal reactions Pe Fe 4 
on the plate’ s edge and | are consequently free to deflect from the edge inward. 
Furthermore, the division into equal- length grid beams reduces. the 
procedure that must follow—a simplification that appears to be 


Mr. Ferguson has requested a statement of Mr. Enyedi’ comparison 

moment value with that obtained by Mr. Marcus. On a simply-supported 
& plate subjected to uniform loading with » = 0.25, Mr. Enyedi found the | 
moment at the center to be 0. 0372 a?, whereas: Mr. Marcus gave moment 
gs =~ equal to 0. 0368w a?. For the uniformly-loaded fixed-edge plate illus 


= H “Theory of Elasticity,” by 8. Timoshenko, ‘McGraw-Hill Book Co,, Inc., New York, N. ¥., » 1984, ia 
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ing dg trated i in Fig. 13, the maximum moment occurring at the midpoint of the fixed | ae 


edge*® was 15.90 w (in.-lb) whereas Mr. Timoshenko’s value for the same 

The writers appreciate the wealth of discussion that has been 
hey and recognize the fact that it has greatly enhanced the value of the original iy: ‘ 


“a 
Grid Analogy for Analyses of Flat Plates,” by Joel I. Abrams, thesis presented to The 

— ‘Hopkins University, in Baltimore, Mad., in | 1960, in partial fulfilment of the requirements for the itis of a 


"Theory of Plates and McGraw- Hill Book Co., Inc., New York, N = 
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PRINCIPLES ¢ OF HIGHWAY EE 


BY Messrs. E. L. AND oO. KN 


| 


= factere developed by the road builder.» Very few factual data ano 
available and the literature contains few helpful references. 


st types of investigations that were eundected and the conclusions derived are. 
Si, listed and and discussed. — These include investigations of overtaking and ‘passing — 
practices, "es, motor vehicle performance, driver” behavior, and traffic flow pane 
The factors of desired speed and practical capacity of Toads are ‘related 
the effects of various limitations. Suggestions are made a as to the practical. 


‘és application of the research data in design and construction. 


Few 


before becoming congested than others, and that it is more comfortable 
travel on certain highways than on others when the density of traffic is agit 
Few drivers, however, any conception of the road way width 
red to accommodate a . given volume | of traffic or the details of peg 
= ee 3 are necessary to obtain maximum safety for travel.at reasonable neg 
These features are the responsibility o of the engineer. 
Bg In 1937, however, when a review was made of all literature relating to ‘he 


effect that various highway design features have on the volume of traffic 


.. Note.—Published in November, 1951, as Proceedings-Separate No. 105. — and titles ove 
are those in effect when the paper or discussion was received for eae rae 
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ring problems are of more interest to so many people and have 
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me 


_ or old ones to be revamped with the assurance that highway operating 


te i = of a highway al also result i in improved traffic iad whether they apply to the — ¥E 


an 


that can be accommodated | by a highway and the speed i of 


eae ment, it was astonishing to find that there was little information available a 7 = 


had been based on facts gathered through research. Apparently, 
-gineers engaged in the planning and construction of had directed 


Bia 3 _ their efforts in the research field almost entirely to improving the strength and % 


of the structure, sad to re economical ¢ construction in n order to 4 


. These factors involve “ae 
Oar: the effect that various highway design features such as surface and hedian = 
width, alinement, and gradient have on the safety and economy of operation ay 
of individual vehicles, and how the movement of each vehicle is affected iby, ts 
and i in turn affects, the movement of vehicles in the traffic stream. 
‘ History oF 


The research projects in traffic operations carried out since 1980. 


. —- many organizations have resulted in the development | of several entir ote 
new principles that provide the basis for highway design standards required — *%; 
to accommodate t the needs of traffic. Substituting facts obtained d through 
research for ‘personal opinion has resulted in major changes i in the a approach to 
the is fortunate that one of the 1 most intensive research carried out 


_ traffic and involves the effect 0 on traffic flow of the 1 many elements of highway 
design, vehicle and driver performance characteristics, and traffic ‘control 


ef ia measures. It is also fortunate that conditions that tend to increase the capacity eS 


Te that have been conducted to obtain fundamental data, and the comprehensive 
ae analyses to which these data have been subjected, it is apparent that the ee 


4 technical facts n now available (1951) will permit n new highways to be designed ae : 


ditions will be consistent with the justifiable needs of traffic. . These studies 
have included the development of new electro-mechanical instruments that __ 
have made feasible the collection of data in larger volume and with greater oe 

accuracy than v was previously possible, and the recording of some types of | a 
information that could not otherwise have been obtained. The following are 
oy exe but a few of the more important investigations in traffic operations s conducted 
by the Bureau of Public Roads, generally in cooperation with various 
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Considering the scope of the many yet interrelated 
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Their knowledge of the required geometric features was based largely on their _ 
ee ak fae own experiences as drivers. There had been little concentrated effort to | 
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were conducted of overtaking and passing practices 
-lane roads. During these studies, the speed and position of 
in relation to other vehicles | on the highway was recorded continuously over — 
0.5-mile section. ‘The data was obtained in nine states geographically 
. distributed to include any major differences in driving habits and neaded 
actual practices of drivers while performing some 20,000 passing maneuvers. yl” 
2 The results showed the physical measurements of time and s space involved ini 
performing passing maneuvers with safety, the frequency of maneuvers = 
various speeds in relation to traffic volumes, ‘and the portion of any section of 
that must be designed to provide for passing. ‘Conversely, the 
effect of restrictive sight. distances in limiting the capacity of a highway was peat 


ae ae 2. Investigations were made of motor \ vehicle performance. These included — 
studies as grade ability, braking ability, and acceleration “and turning 
characteristics of new and used vehicles. The results of these investigations, Treorke 


in combination with other studies, provide information of particular ‘signif- 
cance i in determining the effect that truck loading practices and truck move = 


the most economical: ‘combination of alinement, profile, ‘and surface width 
that will effectively overcome the problem of slow moving vehicles ,on grades. 
_ 8. Driver behavior studies were made. During these studies the speed = _ 
and transverse position of es each 1 vehicle and its spacing in in relation to all other @ 

~ vehicles traveling in the same or opposing direction that might have influenced 


- speed or transverse position were recorded. At each location, data were ve Py 


3 to those at or approaching capacity | ‘eonditions. The data that have been 


- analysed i in detail include information for well over 1,000,000 vehicles at about © 
locations having various highway and roadside conditions. Additional 
i data are also provided by the periodic speed studies conducted by the state 
highway departments at nearly 800 locations. To date, some 5,500 such ‘4 
a studies have been made, including a total of nearly 2 000, 000 vehicles. sath toys. 


results of these studies have provided information’ ‘regarding normal 
. driving practices under various roadw ay and traffic conditions and have made 2s 
possible the determination of the most appropriate combination of lane and — ae 
shoulder width, the » effect, of curvature of varying degrees, the effect ¢ of f curbs — 
of various the effect of the presence of roadside ae as ‘narrow 
- culverts or bridge rails that encroach on the normal shoulder width, and many 
a other ‘design details that have ¢ a considerable psychological effect « on the driver. 
We’ Studies of traffic flow at intersections were conducted. From an 
analysis of data recorded at hundreds of the most heavily traveled intersections — 
5 Sater) the country, it has been possible to determine the effect of sree 


"obtained during periods when traffic increased from relatively light flows u opi a 


7 the possible and practical capacity of rural and ‘urben intersections. 


are only typical examples of the s scope and type of studies that, in 


combination with of traffic and other obtained 
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‘the planning survey the of available geometric 


standards for highways. The results also provide information for adapting . 


- the many miles of existing roads and streets that must continue in use for 
Ln _ The results of of these s studies, as they apply to highway capacity, have recently ‘ 
pe been published under one cover as a manual.? : Many. of the results, however, — 
eg oh have been available in preliminary form and have been applied since 1947 a 
ee by the more progressive highway organizations in . their | technical direction of 
ity the long-range ats needs studies that have been completed in ‘several 
No attempt will to present the of this report, but a a few 
most fundamental criteria will be be ‘pointed o out : as pertinent when selecting 


pated 


desire to travel between | 50 and 70 miles per hr on highways of adequate a « 
= Few ¥ exceed 70 “miles p per hr and ‘most of the time the large _inajority travel 
__ between / 45 and 55 miles per hr. On expressways in urban areas, , most drivers 

~ desire to travel between 35 and 50 miles per hr during off- peak periods when 

\ traffic volumes are low. For similar conditions in rough or mountainous — 


y terrain, and on local ih and streets, desired speeds are 5 to 10 miles per a 


Bs: ae the less favorable conditions of traffic density that occur during _ 
peak periods of flow, ‘most drivers will voluntarily, and without feeling 1g unduly 
_ Testricted, lower their speeds to 45 miles per hr on main highways in rural 
«areas and to 30 miles” per hr on expressways in urban” areas, Freedom to 
travel at these speeds with safety is the quality of service that highway and P dy 
“street systems ‘must provide to meet the demands’ of traffic. There is 
justification for an added expenditure of highway funds to provide 
_ for higher speeds in the foreseeable future. - Similarly, when drivers are forced nee 
to travel at unreasonably low speeds, the highway is overloaded or the design = 


Practical Capacity: —tThe highest hourly traffic volumes that a highway 
will accommodate safely at reasonable speeds i is termed th the practical capa 
as The following list gives practical capacities 8 of different types of facilities having 
sh 12-ft traffic lanes, excellent alinement, no 


Multilane rural 1,000 for each lane in the directi 
Multilane urban exp 1,500 for each lane i in the 
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When rea the average commercial vehicle with dual rear tire 
for purposes of estimating capacity, be considered as 2 passanger cars in level P 
terrain and as 4 passenger cars in rolling terrain. 
altho some highways are now being constructed with 12-ft traffic lanes, 
excellent alinement, wide shoulders, and grade separations for cross traffic, — 
most of our existing | highways d do not have these features, and d it will be un- 
economical and unnecessary to provide all of these features on many highways. 
of Limiting ‘Factors. _—The effect of these less favorable 
on practical capacities has been obtained from the research studies. Nine-foot 
traffic lanes on two-lane roads, for example, have only 70% of the capacity of — 
lanes. road with narrow shoulders and frequent obstructions within | 
2 ft of the pavement edge has only 80% of the capacity of a similar road with | 
wide, clear shoulders. If a vehicle break down should occur, the enpasity of 


_ the road with inadequate sho shoulders might be reduced as much as 60%. 


—— 


‘ 


hazard of vehicle parked the surface of rural highways while making 4a 
emergency repairs or for other | purposes, a shoulder width of 10 ft is ‘required. e 
tei The effect of the alinement on the capacity of two-lane roads can now | a. 
_ determined from entirely new criteria developed from driver behavior aad 
motor vehicle performance investigations. T hese criteria involve the per- 


= 
= vd the length of the highway on which the driver can see 1,500 ft ahead. Poe 


INTERRELATION 0 or DEsIGN ELEMENTS 


operating efficiency of a road can be only by ‘considering these 

various elements in combination with one another, not independently. . Ad- 

“herence i in the past to some maximum gradient to permit reasonable truck 


2 speeds on grades, for example, has resulted in the introduction of so much he re 
that sometimes passing-sight distance has been nearly eliminated. 


: Consequently, these roads now become badly congested at exceedingly low 
Z traffic volumes. The alinement and profile, together with other details of 7 oe 
be. design | that are selected for an important rural two-lane highway, can result i in s%.. : 
practical capacities r ranging from 200 to 900 vehicles per hr and a corresponding — 
(if not larger) variation in construction costs. Standards for various sections 
of highway must necessarily differ, therefore, with the volume and type of 
4 traffic for which the highwa ay is being constructed or reconstructed. Any other 
- approach to the problem wane either be uneconomical or result in 1 unsatisfac- ie 
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vehicle Dreak Gown occurs, ON an average, at least once every 1U,UUU ve 
| 
y a _ time as he travels at a uniform speed, for example, has only about 80% of the __ oe — 
capacity of a highway on which the driver can always see 1,500 ft 
> | This comparison is applicable even though the designs of both highways we “> 
| 
ost existing roads have been designed by considering various elements 
ac sieht distance indonendantly ond anniving 
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facility, of the moe city streets, is ements intersection at grade. In the past 


a too little was known to relate effectively the roadway conditions and traffic 3 
control m measures with the type and number of vehicles that an intersection 


ere. 


7 ry will handle more traffic than a narrow street, that the elimination of curb 


would accommodate. It has been known for : many years ; that a wide street ne 
oS. itn parking and left turns will increase capacity, and that more vehicles can be 


a 
| 
a ae: accommodated on a , one-way § street than on a two- -way y street when other 3 
are the same. What has not been known, however, is the quantita- 
Bee tive effect of each of these and many other variables that affect the flow of D 
traffic at intersections. Some are still unknown quantities, but the eff 
ee many of the more important variables has been determined ‘from research 
on over a sufficient period and with adequate repetition to justify 
eonfidenee in the results. By application of this knowledge, it is possible 


compare the capacity of an entire street system, as it is being operated, with 


the present or estimated future traffic demand. If the demand exceeds the > = 
capacity under the prevailing conditions, traffic control methods should first 4 
> appraised to determine the possibility of improvement: yt Next, the « extent 4 
a aa to which relief can be provided by recognized measures such as the clieningiton: 
P = of curb parking, or adoption of one-way street systems, should be determined. a % 
_ Finally, if these measures will not provide the desired relief from congested 
traffic conditions, the benefits gained in traffic capacity by widening existing s 
or constructing some new facilities should be considered. 
1% J 4 


_ _The principles relating to highway capacity have been developed through 


of research by many individuals and organizations. Their laboratory 
has been the highways and streets of the nation; their subjects have been < — 


_ millions of drivers operating vehicles un under normal conditions. — Itis now the 
= 5! responsibility of engineers to apply the | principles developed so th that the safety 
economy of highway transportation will be improved. 
Lay 
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L. FretpHAMMER,? J. M. ASCE —Extensive u use of The Highway | 
es pacity Manual,? to which Mr. Normann refers, during the design of an express- F wae 
facility, proved it to be be an invaluable aid i in determining the geometric 
e. requirements of the expressway itself, as well as the c: capacity of the city stres 
system into which the expressway trafic emerged. 
However, in attempting to the capacity of an entire street 
ae system, as it is being operated, with the present or estimated future traffic de- — im 
- mand”’ (see under the heading, “Interrelation of Design Elements’’), the writer — 
frequently encountered two interrelated problems for which no solution was 
readily available, e either in the Manual or elsewhere, namely: (1) The eel 
- tion of the capacity of an unsignalized intersection and (2) the lack of a signal 
control ‘warrant based | on intersection capacity. The first of these problems 
would seem to offer opportunities for further research. It will, therefore, 
be presented here in the hope that some large organization with adequate _ 
- faci ities will deem it a worthw hile project since the massive volume of data = 


required before a conclusion can be reached on a matter such as highway ca- 


| pacity prevents an individual from undertaking the research himself. The 


second problem will be discussed also since the two are not readily separable. a 
= pr These problems usually occurred in the following manner: An intersection — a 


| be encountered which did not satisfy any of the warrants for signal Ce: 


control given in The M ened on U niform Traffic ic Control Devices for Streets and 
Highways However, if such an intersection were analyzed under the as- 


umption that it was signalized, the result would indicate that the intersection | ee 
Was operating at, or near, its practical (and sometimes, its possible) 


that the signal-control warrants bore little relationship to the 
capacity of the intersection, and that the unsignalized capacity was larger 
than the signalized capacity of a given intersection. Although, in the : absence 
of any data, there were at least three distinct possibilities for the relationship _ ‘* 


of the capacities of and -unsignalized int intersections: 


gi! ‘The 1e unsignalized capacity of an intersection was larger than the onl 


2. 

game, the limits of accuracy of traffic ‘calculations: 
q ay . The signalized capacity of an intersection was greater than the a> 
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| available, the following method of analysis, utilizing possibility 2, was 
i Traffic Control Devices for Streets and Highways,” by the Burea 
Roads, of Commences Washington, Dy 1048, Sections 150, 207-213, 284, 258. 


SORMANN ON HIGHWAY CAPACITY 


The of the intersection was on th 
basis of the capacity charts and procedures for signalized intersections, as _ 
given in The Highway Capacity Manual, and elsewhere’; 
es . The actual traffic on each approach was compared with the capacity 
determine the time required for each movement; 3 | 


a d. If the time required by any one approach was less than 20%, but an om 


0 to 
me, possibility 1 were true, and a measure of unsignalized intersection hoa 


were available and had been substituted in step a, the procedure 
var: lined would have resulted in a reduction of intersection capacity below — 5 
flow upon the installation of signal control. th This hardly seems desirable. 
sed If possibility 3 were true, on the other ha nd, and a measure of ee 
ws capacity had been used in step a, the resultant warrant would be most satis. e 
factory since it would establish signal control and thus increase all 4 


the unsignalized intersection approached its maximum flow. 

Were a measure of the capacity of unsignalized intersections 

oa oa comparison of it with the capacity of signalized intersections would ¢ decide — 
whether possibility 1, 2, or 3 corresponded most closely to actuality. Once 

ei) = this was established it would be possible to analyze an wemignelinnd intersection — 


would also enable the traffic engineer to apply a realistic ) warrant for signal 


control, based on intersection capacity, as well as to have some foreknowledge _ ; 
of the result of its use. Thus it appears that research leading | to @ measure e 
the capacity of Ww ould be fruit 
‘Aa aoa matter of of the paper beyond its originally intended scope; nev ertheless, 
' are very pertinent. Of the three assumptions listed by him, only one ; 
can be valid for any particular intersection, but that one might be any of the - 
_ three, depending upon the conditions at the intersections. Thus there are 
three classes of intersections, the first: of which has an unsignalized ceil 


than if _ An of this class would be a multi- lane 


modated if the movement were interrupted for even a very short interval of - 4 
time by a traffic signal. _ If a traffic signal should be installed for any one or Be 


more of several reasons (such as failure of drivers on the arterial highway to 5 “9 


Saale the right of 1 way to traffic on the minor street), the capacity of the major 4 
ate would be diminished. Should there be an insufficient increase in © % 


Public Roads: A Journal of Highway Research, Vol. 26, No. 6, February, 1951. 
S 1) ieee Chf., Section of Traffic Operations, Bureau of Public Roads, U. S. Dept. of Commerce, Washington, 
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e on ‘the cross street to offset the to way,’ 
4 of the intersection would be decreased as a result of the » installation. 


more, the average delay per vehicle would be increased. _ Despite such eons te Pa 

losses, however, installations of this type are commonplace, and traffic depart- 
* ments throughout the United ‘States are besieged with requests fo still more art. 
E> In many instances, however, the capacity of the ms major facility is co Rr ie 
4 by anger intersections at other locations. In such a case, the installation of a ; 


. The second assumption is believed to be correct for most intersections a a 
_ streets are e of moderate or narrow width and where vehicular r speeds are rela- 


and that the possibility of serious accident is slight. _ Another ae 
~ would: be that the traffic demand be. less than the possible capacity of the iy 
intersection. If not, the intersection would most likely become completely 
_ blocked and traffic on all the approaches would come to a standstill. stidisacay > x 
ar Should the volume of traffic approaching» any intersection exceed that fae 
which is able to clear the intersection—that is, if it exceeds the possible capac- ay 
_= of the intersection—the third assumption would apply. It is a funda- ay 
mental principle ‘of highway capacity that, when the number of vehicles 
attempting to use a facility exceeds the capacity of that facility under the ae 
] q prevailing conditions, traffic at some point will be at a standstill. The unregu-— 
tated entry of vehicles into an intersection, , may cause & demand exceeding | 


traffic will reduce to zero and remain there until orderly movement has been & —_ 
In most instances, a traffic signal will prevent the occurrence i 


complete congestion within the intersection and thereby improve its capacity 
when the volume is at or near its signalized- Such was 


this mission so that the was soon as a 
x for all traffic ills. In retrospect, this may have been unfortunate in the sense = 7 
; i. = if signals had not become so commonplace it is conceivable that more © ie 


attention might have been devoted to the development of proper speed-zoning 
_ regulations, more realistic right-of-way rules, and the invention of other regu- 
latory measures or devices that would have aided the flow of traffic at less 
hazard and without so seriously i impairing street capacities. 
°* a Accepting the theory that signals may either increase, decrease, or fail to ‘3 
alter the capacity “of an intersection—depending upon the prevailing con- 
_ ditions—the question remains as to what application c can be made of this vy 
knowledge. _ Except in so far as it may be of value in basing a signal werent ~ 1S 
on intersection capacities, - this question is perhaps of academic interest only. 
Asa practical matter ‘most intersections for which the traffic volume is suffi- 
ciently heavy to justify an investigation of their capacity are either signalized 
a or will become signalized. As soon as the volume of traffic at an unsignalized — 


intersection approaches its | capacity as a a signalized intersection, signalization — 
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short, if an 


is and, if it is s already ‘signalized, ‘it will probably re remain 


- i: = that way. Hence, the engineer, in computing capacities, should regard inter- _ 
aa sections as being signalized, whether or not the signal actually has been | in- _ ey: 


“Aside from capacities his primary concern will be in warrants = 


a 


lined a , method for allocating the green time for an ‘imaginary signal installed 


ake of the capacity of the intersection as if it were signalized is a relatively simple __ 
- cy. operation. / As to the the volume for which signal control is warranted, there 
appears to have been far too little factual research, but the proposal of Mr. 
aa at Fieldhammer in item c seems realistic and plausible. For some time, it has 
been the writer’s contention that the traffic volume warrants for signal install- 
ations should be based on the relation between the traffic demand and the 

possible capacity of the intersection. The 85 percentile that Mr. Fieldhammer = 

ee may be desirable at intersections involving a major and a minor — 
facility. Si ith the traffic flow more evenly divided on the two facilities, how- 4 fe 


ever, it would seem that a signal would be warranted at the intersection of 


; 3 at an unsignalized intersection. Once this has been accomplished, computation a | 
a 


the intersection’s capacity—and ; at a considerably lower percentage for soi 
facilities with two or more traffic lanes for each direction of 
~ ie In most instances where actuated control is at all feasible, better allocation i = 
a : of signal time can be obtained by using this device than i is possible with fixed- - 


one approach i is than 20%, traffic- should be considered. 


It is doubtful that he intends to restrict consideration of traffic actuation ue 
__ within this limit, however, but rather to insure against the use of short green 4 : 


6 


i _ intervals of the order of 10 sec or 15 sec. Such practice is commendable, as 
_ = green intervals shorter than 20 sec are undoubtedly less efficient than the — 
_ 2 _ intervals, and it is questionable whether the curves of Fig. 24 of The Highway 
Manual? can be applied properly where the green interval is shorter 


than 20 sec. At fixed- -time installations it is sometimes practicable to adhere 
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AMERICAN SOCIETY 


ts | 


Great quantities 0 of ground for irrigation in the 
i. California. The paper traces the development of this ground- water ‘utilization — as 
and g gives detailed descriptions of the use of ground water in the major hydro- oat : 


graphic areas of the state. development i is also treated in termsof 


JATER UT 


Utilization of ground water for irrigation was in California 
prior to 1880, except in in Los Angeles an and San Bernardino counties, where nearly — 
eh 000 flowing artesian wells had been developed. prior to. that time. In 1880 
the total area under irrigation in various sections of the state from both surface a 


Irrigated acreage 


“to be about 10,000,000 acre- -ft or about 40% of the total in the United States. Be ac, 
2 The total diversion of surface waters, including the Colorado River, for irriga- = 
q _ tion, domestic, and industrial uses in California approximated ground-water — . 
- extractions. 4 A discussion of ground water utilization in various areas of the — 
State of California is most conveniently broken down into the seven major | “ee oa 


4 
total gross pumpage of pao weber in in was 
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4 Cons. Engr.; Prof. of Irrig. Eng., Univ. of California, Berkeley, | Calif. 


rea.—The south area embraces the drainage 


| 


1,000,000: or about 1. 7% of the total runoff for the It is esti- 
= mated that additional importations, over and above existing rights in the Colo- _ 


for development in the south coastal area. 


¢ 


* 


San 
Annual -ground- water uses in the south coastal area amounted to 
800,000 acre-ft in 1950 and are nearly double those from surface supplies, 4 
including importations from the Colorado River, Owens Valley, and 
Basin. Los Angeles County has” for many years been the leading | 
a in the United States in income from agricultural production. This seein - 
— is supported largely by irrigation from ground water. Some 120,000 acres % 


in Ventura are devoted to high value crops and urban 


= ocean in “which a —_ fall below sea level i in a a serie 


— #4«%3S« 
— 
— 
a 
— 
sof dry years, | 
— 
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The habitable area in this county is 70% water 


ultimate requirements in Ventura County. ott ao 
The West Coast Basin lies between the Inglewood fault and the ocean, and | ot 
_ extends from the Santa Monica Mountains to Long Beach in western Los — Tos 
Angeles Co sion resulting from long-standing overdraft 
_--- About 600,000 acre-ft of water are being pumped annually from the ground — 
2 water of the Los Angeles, San Gabriel, and Santa Ana river systems. In 1950 
there was an annual overdraft of about 45,000 acre-ft on ground water in the 
fa ‘San Gabriel and Santa Ana river basin systems. Roughly 2,000,000 acre-ft of | a 
. se is stored in a 50-{t zone below the water levels that existed at that time Ae . 


g 


in the upstream basins, and, while this is not a part of the permanent | supply, aaa 
it is available for emergency use pending a permanent solution of the problem. — ad 
Maintenance of salt balance ce requires that some water wasted, but the 
2, lame is a function of the water passing through the basin rather than the a 
: ‘eae in storage. Industrial wastes and oil well brines have contaminated 2 
portions of ground-water basins in Los Angeles and Orange counties. 
About 100,000 acres in the coastal drainage of San Diego County 
| a ari devoted to high-value irrigated crops and urban developments. _ There isa 
: e large additional area suitable for irrigation and domestic occupancy in the ; ae 


e° county, and the ground-water basins comprise only a small part of the area. i 


4 


‘ usable storage capacity is limited by the threat of sea water intrusion. Their si 
effectiveness as regulators of the widely varying runoff is small. — Roughly . 
- third of the present water supply is derived from ground water in San Diego ae 

The San Diego County Water Authority imported about 70, 000 

. q acre-ft of water from the Colorado River in 1948, of which the City of San ee + ae 


PBS 


= 2. Colorado Desert. —The principal ground-water development i in California 4 


approximately 100,000 acre-ft annually. Service by a supplemental surface ns 
_ water from the Colorado River was extended to this area ‘in 1949. 9. The valley 
in 1 Imperial Valley i is chiefly : silt and compacted sands of low permeability, 
= 
and there is essentially no irrigation from wells. The ground-water fame 
. of the Salton Sea am those of drainage | due to high water table. : 
Lahontan Basin.— 


the Lahontan Basin. It 


Sea. gross pumpage of ground water in Coachella Valley has been 


cal 


-ciencies and provide water for anticipated expansion. However, the « 


Mojave Valley ground-water basin is situated east of Antelope Valley. ar 
River inflow to the valley averages about 80,000 acre-ft- annually, 
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embraces about 500,000 acres of valley land, half > ae 
of good quality. With about 50,000 acres under ee ae 
"irrigation irom ground water in 1947, the annual overdraft of water ws =©6=6< 
¥ estimated to be 50,000 acre-ft. This will doubtless increase materially, 
_but there is no local supply available for developmen e esent defi- 
— 
— 


= It is po that about 40, 000 acre-ft per year is wastefully consusiad 7 
native vegetation « on the low lands along the river. There is ample irrigable 
eA sae land within easy reach to utilize the available supply, but only a small ‘par Be 
ag ae ‘The City of Los Angeles, during the three dry years, 1929 to 1931, inclusive, _ ro 
bees _ pumped about 340,000 acre-ft from ground-water basins in Owens Valley — 


_ for export through the Owens Valley Aqueduct. | 
tions: for expo 


There have been no extrac- 
ort since 1931, and the ground-water basins are now fully recharged. 
‘The glacial moraine and lava sand deposits south of Mono Lake in Mono 


appear to contain substantial undeveloped ground waters. nae 


_ Ground-water draft is light in the remainder of the Lahontan Resa, 
although there are a number of domestic and stock-watering wells in shallow 
valley fills between Mono Lake and Honey Lake. There are also about a ee 
oo dozen irrigation wells in the Susan River delta and a few flowing wells on the __ 
ee west side of Suprise Valley that supply a limited amount of irrigation water. —s_ | 
4, Central Coastal Area.—The central coastal area embraces the drainage ae 


| 
to the ocean from ‘San ‘Francisco County to Santa ‘Barbara 


a ‘irrigation development is” dependent on underlying ground waters for 


‘its water supply. _ The draft on several of the major ground-water basins - 
_ the area has been so heavy that serious problems have arisen in respect to their — iM 
adequacy, not only for future developments but also: for maintaining the 
existing economy. Water levels at wells close to the. ‘coast have fallen to 
[ _ elevations below sea level in Pajaro, Salinas, and Arroyo Grande valleys and | h 
Bess - the south coastal plain of Santa Barbara County. Progressive lowering of = | 
a water levels is occurring in Santa Ynez, Santa Maria, San Benito, a nd south x if 
es Libre annual gross pumpage of ground water in the central coastal area a 
oa adiiaaite 600,000 acre-ft in 1950, about 60% of which i is in Salinas V: alley. 
_ The annual overdraft in Salinas Valley at that time was approximately 30,000 — 
acre-ft, and the ultimate 1 may approach 76,000 acre-ft Small overdrafts also 
in Pajaro and south Santa Clara valleys. ‘Safe yield overdraft 


estimates: have not been made in the other ground- water basins in the central e . 


= area. Ne Unused underground storage and d surface reservoir sites are 
ge generally sasha’ for salvage of such surpluses « on the various stream systems 
i} as may needed ultimate to existing water 
‘ 
Bay area embraces 


reservoirs combined capacity 400, 000 been co con- 

in structed in the area ». Five o of these in Santa Clara County, with a combined ° My s 
capacity y of 43, 100. acre-ft, are operated i in conjunction with spreading works to 


|, 
a 1 
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OF une counties that drain into San Francisco, san Pablo, an 
a a bays. The total average annual unimpaired runoff from the drainage basin = - 
i 


wee ote waters are utilized to the extent of about 300, 000 ware-tt annually 
n Francisco Bay a rea. Grou nd- ‘water in the area surrounding 


cre -ft and ultimately may approach 100, 000 acre-ft. see nid fo ow 
"The ground- -water resources underlying about 60,000 acres along the eastern 2 
bay shore i in southern Alameda County are threatened with destruction through 


ing amounts of chlorides easterly from the bay strongly suggest sea water 


: a. atrusion into the ground-water resources of the Niles Conearea. The Alameda 
yunty Water District provides some artificial recharge by ponding for -absorp- 


Delivery of water through the Contra Costa Canal, a unit of the Central 


‘alley Project, will provide adequate supplemental water to the Contra 
Costa to probable ultimate water requirements in that 


lems in Napa County have been relieved by | , construction of the Conn Valley = 
and Rector Creek reservoirs with an aggregate capacity of 34,400 acre-ft. ed eh Th 
_ Water is imported to the San Francisco Bay area from three sources 
i (1) Hetch Hetchy system on the Tuolumne River by the City of San Francisco; & ‘se 
—@) Pardee Reservoir on the Mokelumne River by the East Bay Municipal | 
Utility District; and (3) The Sacramento-San Joaquin delta, through the 
Contra Costa Canal, by the Bureau of Reclamation (USBR), United States a 
Department of the Interior. These three systems, completely developed, 
could provide a total importation of about t 900, 000 acre-ft annually. 
North Coastal Area—The north coastal area embraces about 16,000 
8 miles and 1 this area yields about three eighths of the total runoff o! of the state 3 
‘The: average runoff for the 53-yr vr period, 1894-1895 to 1946-1947, approximated ve 
x 29,000,000 acre-ft. The Mattole River » tributary to the ocean about 37 ie te 
of Eureka, has a wales about equal to the combined runoff 
. from all drainage basins i in the previously mentioned south coastal area. = 
ad obinbined ground-water uses in the north coastal area wi ere on the oe 
order of 50,000 acre-ft annually i in 1950. of ground water for irrigation 
- was restricted to ‘comparatively ‘small areas in Santa Rosa Valley, Eel — 
delta, and Butte Valley in Siskiyou County. amount of 
water is also used for domestic and municipal purposes, ‘ead 
7. Central Valley.— —Utilization of ‘ground water for irrigation in the Central 
Valley did not ‘significant until after 19 1900. More. or less complete 


of Suisun and Fairfield in Solano County. The | prob- 
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a 0 gave impetus to devel t of ground water a —@ 
Ss j i ave impetus to development ol ground water. = 
—_—. 


. ane. ~The combined capacity of wells i in the San Joaquin Valley s south of Chowchilla — 
masa about 7,300 cu ft per sec by 1919 and about 20,600 cu ft per sec by 1929. 
Bae 4 -Overdrafts on ground water occurred in much of the area prior to 1929 and © 
prevailed since that time. Estimated usable underground | storage 
capacity of approximately 20,000,000 acre-ft has made the long-continued | 
overdraft possible. Depletion of underground storage 
severe on the west side of south San Joaquin Valley, in the Edison-Arvin area, 
and on the east side between Dinuba and McFarland. Water levels are 
generally high in the Kings River and Kern River service areas. Average 
__- water levels between 1 1939 and 1947 underlying 250,000 acres in the e Kings 


_ by evapo-transpiration to occur directly from the water table. 
combined gross pumpage of ground water from about 35,000 wells in 
the San Joaquin Valley (south of Merced River) during the seasonal year 


ives —— April 1, 1948, is estimated as being close to 6,000,000 acre-ft, or about 4 “+= 
0% of the total in t the state. The combined pumpage of ground water me a | ; 


year the lower San Joaquin Valley approximated 1, 000,000 acre-ft. 

7 General extension of electric energy to the ground-water basins and dev elop- 
- ment of deep-well turbine pumps were important factors 's enabling ground- water — 


annual pumpage of ground water in the Sacramento Valley, that 


Valley was about 1,000,000 acre-ft annually i in 1950. Heavy pumping in the ~ : 
_ Peach Bowl area in Sutter County and in portions of the counties of Yuba © q 

and Placer has induced problems of localized overdrafts. Problems caused by — mm) 

the quality of water have been noted in the Coche Creek and Sutter Bet a 


"areas. - During the 9-yr period from 1940 to 1948 the water table was pre et, 


nially less than 10 ft below w ground surface over an area of about 780,000 i a 4 
4 


a 


vor 


in the Sacramento Valley. The Sacremento River, and its tributaries t through-| 


out most of the ground-water basin, drain surplus ground waters into the — 
_ Sacramento-San Joaquin delta. The irrigable land in the Sacramento Valley — 


increase as as its development : can n compete f favorably with the cost of 
supplemental surface storage. 


-Expectep Grounp-' DEVELOPMENT 


Possible. ultimate ground- water i in California utiliza- 
+ = tion of (a) unused ground- -water § storage to the extent of safe yield in ground- , 
aay basins not fully developed, and (b) increments in safe yield of eemne- ey 
Water” basins as additional surface water supplies are made available. 
ae portion of the water utilization, both surface and ground waters, is yy 
4 r ae, within the ground-water basins in the state. The maximum amount of firm a 
water (water that is a available on demand) under ultimate development of the 
o> a wa r resources cou e obtaine roug opera ion of surface res- 
say state’s water ld be obtained through ati f surf 3 
Prin. _ ervoirs, in so far as possible, on an average yield basis in conjunction with _ 
eylic underground storage An adequate ‘supply would be necessary 


“a River service area were less than 10 ft below ground ‘surface, causing losses Mt ; 


embraces a gross area of about 6,000 sq miles or one-third of the Central — a I 
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Unused Ground-W ater Storage —The largest body of ‘unused 
storage in the state is in the Sacramento Valley. Results of appraisal of ae : 
a logic features of Sacramento Valley ground-water basins show over 28,000, eS 


acre-ft of underground capacity within the 20-ft to 200- ft zone 


mento Valley ground-water basins were fully charged in 1950, 
limited areas in Sutter, Yuba, Placer, and Solano counties. The total pumpage 
in the Sacramento Valley in that aphricngtg about 1 ,000,000 acre-ft, and the net ai 
draft on ground water for irrigated crops was probably less than half this _ 
- under the prevailing irrigation practices at that time. The safe 
yield of this’ extensive: ground-water reservoir has not been determined. = 
: average ground-water levels were drawn down about 10 ft below those prevails ef 
4 ing in 1950, there would be a great salvage of uneconomic consumption on ie 
; some 780,000 acres of high water table land and ¢ drainage from the ground-water __ a 
th ‘The unused underground storage capacity in the Camphora- Greenfield 
area in Salinas Valley, wi thin the 125-ft zone below ground surface, was ps e) 
estimated to be 575,000 acre-ft in 1946.2 It was further estimated that utiliza- _ 
tion of about 130,000 acre-ft of unused storage within the 60-ft zone below — ey 
_ ground surface in that area would provide an adequate solution of the ground- — 3 
_ water problem in Salinas home Studies have been undertaken of methods fon at 


to provide a , complete so solution of flood control and water conservation problems — 


Salinas Valley under probable ultimate development. 


As previously mentioned there was fully earner underground storage 


E city also has substantial stand- by storage in 
Valley. Mention is made again of the uneconomic consumption of ground 


| = full utilization of Prentice cael water 8 storage i in that basin. cenit 

_ In addition, ‘similar uneconomic consumption is evident in the ground 
_ water underlying about 250,000 acres of high water table land in the Kings Sa ; 
River” service area. Greater utilization of ground- water supplies wou 


result in salvaging a substantial portion of such natural disposal. 


Intensive ground- water investigations in California have 


Project in the San Joaquin Valley is the utilization of water reservoirs 


a for the storage and subsequent extraction of water supplies by pumping. ae 


‘reservoir utilization is particularly important in the southern 


-?“Salinas Basin Investigation,” by T. Russel Simpson, Bulletin No. 52, Div. of Water Resources, 
Dept. of Public Werke, State of California, Sacramento, Calif,1946. 
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a 
support heavy draft pumping. An additional area of about 630,000 acres of 
basin deposits has an estimated ground-water storage capacity of more 
§,000,000 acre-ft within the same depth zone. The basin deposits are less 
permeable, and low well yields are generally obtained therein, but determination 
| 
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= eability and ae and where wells and pumping plants with an aggregate = 
capacity of over 25,000 cu ft per sec are in operation. vigol 

‘The usable underground storage capacity in the southern San Joaquin 

a south of Chowchilla totals over 20,000,000 acre-ft, and in the northern 


‘full ‘utilization ‘of the. in southern San 
Joaquin Valley with operation thereof coordinated with surface storage regula- _ 

_ The chief cost involved in the utilization of the underground storage _ 

would be for the operation of pumping installations, on which it isestimateda 

capital outlay of approximately $200,000,000 had been made up to 1950. | 

_ Augmentation of surface water supplies on the east side of the southern ‘San 


’ “the safe: ‘yield of ground-water basins by the amount of deep percolation from a 
_ uneonsumed irrigation water and from spreading of water for direct replenish- 
ment. draft of ground water should keep pace with increment in safe 
> mete water yield to prevent occurrence of drainage | problems. 5 
«Studies have been made to determine the feasibility of introducing surplus — 
x edit into empty underground space in wet years. If this procedure is feasible, 
oe it is believed the amount of loss in subsurface outflow would be small in a % 
_ limited period of wet years compared with retention for rediversion. If g 
_ depth of storage is held to more than 12 ft from ground surface, then uneconomic 
oa losses through evapo-transpiration direct from the water table would be i in- 
; a ‘nd As additional surface ‘supplies o of water are made available i in free neers 


inereased ground- water utilization, in so far as of Leupplies exceeds” 
overdrafts, in order to maintain hydrologic balance between supplies and 
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Dean C MUcKEL’. —The reader of this paper will be impressed by the © 
fact that information and data exist for a complete analysis of the; ground- water 


situation in the State of California. — Credit is due to the agencies and individ- i 


years. The author has made | a brief, concise accountin ‘a Es 


Each of the seven major hydrographic areas used by the author ‘chatala 


surface drainage areas, ground- water basins, and subbasins. 


basins interconnected in ‘such a manner that "extractions 
-replenishments in one will eventually affect adjacent basins within the same 
pein area. In many cases, however, there is no connection between res 


¥ _ basins, and the hydrographic a areas as ; delineated will function not as a unit but 
ase group of individual units each with its own characteristics. © $= 
= Several ground- water reservoirs are discussed with relation to the expected 


ground- water development. Since ‘most of the « development has come about 


~ % by the extraction of water through wells located without any basin-wide _ 
consideration or control, future development will probably follow the 
4 lines. Under this s system of development, a ground- water basin by concentra- aoe 


tions of wells, by unequal replenishment throughout the basin, or by a combitia~’ 73 
tion of t both, may have conditions of overdraft in one part of the basin and have e “a ay. * 
4 surpluses and wastes at the same time in other parts of the basin. To obta ain 
the ultimate development, then, each ground-water basin must be given 
a detailed study, and the proper location of the extractions planned as well ~ 
the total of water to be removed by | pumping. 
the southern San Joaquin Valley the full utilization of the e underground 
- storage depends partly on the success or failure of spreading imported \ water oe 
. Although s spreading has on | success- 
a 
ing. on ‘The prevailing soils are ‘fine-textured with low rates of ‘percolation. 
In some places hardpans, clay pans, and other impervious or nearly i ‘impervious 
* strata retard the > deep percolation | of water applied to the si surface. _ There are— 


> now (1952) plans i in the San. Joaquin Valley to spread water on soils classified és 
a. as loams and fine sandy loams underlain in places by lenses of hardpan. | 


and decreasing with the time of submergence. The writer has been n participat-— 

if ing in attempts to improve the natural rates of percolation, which have been © 

* 5 successful on small test ponds. (Joint investigation with the Soil Conserva- “et 
tion: Service (Research) U. 8. Department of Agriculture; U. 8. Bureau of Rec- _ 
mn lamation; North Kern Water Storage District; California State Division of ee 

Resources; and California Agricultural Station, ee 


The natural rates of percolation are low—less than 1 acre-ft per acre per day 


*Irrig. Engr., Div. of Irrig. Eng. and 
Dept. of Agri. alif 
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‘SIMPSON WATER 


% 

large-scale ~ is that successful on these soils wil 

7 require careful planning and study and the expenditure of large sums of money - . 
land, construction of spreading systems, and possibly for soil 


Although | ‘the > author has treated the southern San Joaquin Valley as 


perched water table resulting i in n unfavorable drainage conditions. ‘ 


ment of any underground reservoir r requires considerably more study 


than involved in an inflow-outflow on a basin-wide 

‘a é exist in each of the seven major hydrographic areas in California are men- _— 
_. tioned by Mr. Muckel. Comprehensive ground-water investigat.ons have — 
been made under the writer's 8 in four of | the e hydrographic areas cover- 


1950.  Ground- -water overdrafts either have occurred in these units or threaten = 
to occur in the near future. _ Mr. Muckel has been doing excellent laboratory : and 4 
field research with the objective of stimulating : additional -ground- water re- 
through artificial percolation by spreading. Results of the research 
will be > helpful i in solving ground- -water problems. Hiteq 
_ It was not intended to enter into a detailed analysis of the various ground- — 
“3 water units and their individual complexities because such a discussion would; a 
be quite e: extensive. ‘It may be of interest to summarize the types of basic data 
collected in the aforementioned ‘comprehensive § ground-w water investigations 
@) Establish ‘supplemental pr precipitation 
‘records well-distributed over the ground- water basin for evaluation of weighted 
et average annual precipitation from isohyete | or by the Thiessen polygon method. — 
Ins Install ‘supplemental stream-gaging ‘stations to obtain data 
on surface inflow to, and outflow from, the ground-water basin. etiroiaits 1 wall. 
(©) Collect all available well-driller logs, and drill such test wells as are | 


needed where logs : are not t available, to | give good ¢ coverage on many fill. es 


oe down to desirable maximum pumping lifts; mabe a peg model and delimit i, - . 


4Cons, Engr.; Prof. of Irrig. Uni 4 


— 
— 
— because of heavy pumping concentrations and unequal natural replenishment $$$ f | 
By throughout the area. Artificial replenishment by spreading, therefore, re- 
—— ow quires that spreading systems be located in the intake areas of that part of the | » tan 
ground-water basin or reservoir needing replenishment and having underground a 
gtoragespace. The location of spreading systems requires careful investigation, 
— 
oregoing comments are ottered to emphasize the tact 1at ultimate develop- 4 
v7 
4 
— 
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Sane zones of confined or r partly confined the study ¥ ie 


and from ground-water behavior during recharge and discharge. he 
— (e) Collect all antecedent information on ground-water levels, pumping» 
records, water analyses, and cultural surveys; obtain : annual | records of agri- 
~— eultural: power sales back through the base-period, and all pump test records an 
during the past 3 years; obtain such other information as may: be ) useful in 
estimating the historic use of water and the crop pattern. 
Select test tracts of all crops generally grown in ‘the area on various 
coil textures using usual methods of irrigation, and obtain detailed records of ys apna 
water use under average practices throughout the period of 
Haver pump » tests ‘made and determine the irrigation efficiency of all test tracts; 
also collect pump test records made de during th the investigation elsewhere i in the ‘s 
. Develop information from which use of all of water- af 
- consuming areas can be estimated by the available heat method or the i 


a Select a grid of measuring wells, spaced about 34 mile apart over the | 
ground- -water basin, from existing wells supplemented with jettied t test wells 
_ where required. _ Water levels should be measured at all wells under as nearly 
- static conditions as possible after the close of the season of heavy draft, and — 
again after the season of recharge. . Use about 10% of the measuring wells as" 
control wells for monthly water level measurements (oftener if indicated) 


(j) ‘Collect water samples all operating and make field analyses 
for total mineral solubles and chlorides. _ Make complete analyses on about 
of the samples. If unusal concentrations of mineral solubles are found 


from field tests, make such complete analyses in the zone of pollution as to 
identify extent, type, and source of 


(k) a land classification and soil survey, if not included in 


(I) Use one of the direct methods developed to ) determine st subsurface inflow, 
subsurface outflow, : and safe ground-water yield, where applicable. 
(m) Locate areas of overdraft and near-by sources of surplus De 
velop | feasible plans for | development of supplemental water to meet present 


and probable ultimate needs—in successive steps or phases if possible—and 


determine the cost of such supplemental water, 


es 5 “Utilization of Ground-Water Storage in Stream System Development,” by Harold Conkling, Trans- 
Discussion by A. Hill of “Utilization of Ground-Water Storage in System 
Water,” by C. F. Tolman, McGraw-Hill Book Co. Inc., New ‘York, N. 1937, 
sn Water Resources of Southern Joaquin Valley,” by 8." Harding, Bulletin, No. 41, California 
‘ Div. of Eng. and Irrig. 
mento, Calif., 1937. 
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SIMPSON ON GROUND WATER 
= ag 


supply water to a ground-water unit must its disposal during 
% a: any specified time. Separate evaluation should be made of each item included — 4q 


<i total water supply and its disposal during the base-period selected for ar an- 
3 : ie aly ysis. After inserting g all items in supply and disposal, if the totals are out 
aa _ of balance within the limit of accuracy of the total basic data involved, individ- ia 


ual ‘items must be adjusted in accordance with relative probable error to a 


effect closure. Further investigation is indicated if the discrepancy exceeds” 
4 the limit of accuracy of total basic data. 
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BY Harry CARLSON, AND L. A. NEES 


The strategic of the Arctic end the of of 


engineering conditions in this area make this paper of general interest to the oe 
profession. Confronted: with the design c of tower bases on permafrost. soil, 
was found necessary to conduct a series of tests to derive values for the factors of << 
design. These tests are described and compared with previous | research. 
Ee design finally selected for the tower base involved a a system of ‘steel 
; beams and piles that spread the load from the tower leg through annular rings ee 
and spider beams to a series of 8-in. piles. The design of this system i is de . 
scribed, and steps are given for the design of the heat diverting pad necessary to ar: 
Prevent melting of the permafrost and resultant loss of pile The 


5 2 : 


+ 


on The vast reservoir of nee resources in the Arctic. and the siliy 
strategie importance of these regions make it inevitable that they w will attract 
:: the attention of the engineer with ever-increasing interest. It i is safe to -. 
that the background of engineering knowledge on Arctic paar, Sete especially in 
4 the field of permafrost, is not sufficiently advanced to provide well-established 
7 theories and criteria for design—especially on important structures. Great oe 
_ Strides are being made i in the preparation of design standards by a number of ej 
available, the designer must depend lorealy upon empirical methods and isolated 
experiences. It is hoped that this paper, by outlining a rational method 
= for an important structure and by describing a few model pile tests, nail ae 


_Norsg.—Published in November, 1951, as Proceedings-Separate No. 103. sition and titles 
are those in effect when the paper or discussion wan received for publication, rs 
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Experiences large in the Arctic in 1947 it 
seem desirable to reduce the use of concrete in the foundations to a minimum. 


= The idea of using piling seemed excellent, provided a reasonable method of — 


a design could be assured and a reliable estimate could be made of the adhesion a 
of the piles to the permafrost under uplift stresses. The question of heat trans- — 
mission was as being a very variable in the general 


e a sis of a typical design, and a the same time a study was made of available data 2 
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Pounds 


Density, in 
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tests were conducted with steel pipe, ranging in length 
ans 


6 in. to 24 in., imbedded in a local sand-silt characteristics 


shown in Fig. 1. The sieve analysis by weight wasasfollows: = = 


95.6 
ig ‘The test apparatus of a 1- dwooa poniaining the test pile and 
il. A jack with dial used to apply uplift loads and was 
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FOUNDATIONS ON PERMAFROST 
pa on a cross girder that transferred the jack reactions into the box | 


e frame. it Temperatures of the soil and of points along the test pile were measured - 
by recording thermocouples. __ A total of 15 tests were run, covering various — 


combinations of density, moisture content, and pilelengthe 
>_> Test Results. —Fig. 2 gives the adhesive force of various soils to wet wood ae 


- varying degrees of saturation. _ It compares the results of experiments Be 


- conducted in Russia? (curves 1 to 5) with experimental results of the tests + 


described i in this paper (curve 6). . The characteristics of the soils tested are 


Temperature of test 


11- 


of the Russian data with ith the test results indicates that, although 


the general trends of behavior appear similar, the test results appear to yield 
much lower values than would be expected as a result of the differences between 
wood, concrete, and Steel. Unfortunately, i insufficient data were available on 


- the Russian tests to permit. comparison of soil types, optimum moistures and 


: 


Adhesive Force, (ub pers Sa! In. Adhesive Force, u (LbperSqin) 


= is interesting to note that for all soils there appears to be a reversal of 
-—eurvature at a saturation amount of approximately 1.0. It can be expected 
that t all curves will become asymptotic to the value of pure ice ‘as the e saturation — 
ae - minimum value at zero moisture content that will result from the pure mechani- 


grain fi friction of the soil in its loosest state. This is close 


__ 2“'The Force of Con; sen of Frozen Grounds with Timber and Concrete, ” by I. 8. Vologdina, 
_ and KIVM, Sciences, 


inereases. the dry side it can be e anticipated that all soils will ‘approacha 
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ft below the ‘permafrost table. 


Ree 


en variation of the force of adhesion with, soil density and moisture ‘content _ 


‘variation of of u with the ratio of observed density, ‘D, to density: 
optimum moisture content is plotted in Fig. 


An interesting feature’ of the tests the high Tefreezing: ‘strengths de- 


a The value of u was further qualified for the design under consideration by 
‘the following criteria: (1) The minimum imbedment of a pile below the perma- 

‘ees = frost table will be 20 ft; and (2) no joint + or ¢ coupling will be permitted less than 


Structural Arrangements —Fig. 4 4 shows the type of ‘design adopted. 


into a set of 6 radial spider beams that are supported on 8- in. double | extr 
strength, steel pipe piles. . Peripheral horizontal bracing was < designed to dis- 
tribute the horizontal shear to all piles and to provide added sateral rigidity to. 
te structure. The principle of the design was to eliminate as much field 
- welding. as possible and to provide a structure that could be assembled easily 
in the field. The design is intended for use with piles either Gtiled 3 in or driven 
; thawed zones. s. The former method, of course, is to be preferred — 


pa The tower loadings are transferred through the bolt system and annular ring j 


ie however, is of interest because of its complexity and the method used to resolve 
ica it. The factors that influence the amount of heat flowing down into the perma- 


ce # frost are the mass of the tower, the ambient temperature, the intensity of radia- _ 


a tion, the emissivity 0! of the tower, the effect of winds, the temperature and 


a thermal conductivity ¢ of the permafrost, and the > specific resistance of the path 


It i is obvious that the critical period i in the design of the ‘structure occurs 
= the months of July | and August. when the temperatures are highest and 
maximum sunlight prevails. During this season, , fortunately, the probability of | 


data were insufficient to establishment reliable 


“de 


>. 

| Alter the test had been carried Vo failure, the load was removed 
an Le period of 1 to2 min. The pile was then rapidly loaded. It was found tha a 
values of up to to § u were developed before failure again took 
| Working Value of Adhesive Force.—After considerable study of all available 
= ey q 4 date it was decided that a value of u = 20 lb per sq in. could be used as a safe te Ce . 
ge quivalent of the adhesive force u for steel piles in all soils except those with a 
a atural density less than 85% of optimum or with a moisture content of less 2 i 
4 
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ae 


“This problem in variable flow was reduced, therefore, 


es ture. . For the purposes intended, a temperature of 80°F was chosen as being» 
q ‘The other end condition to be fixed was the temperature of the permafrost. 
Observations by the Corps of Engineers, United States Army, indicated that _ hes ¥ 

depths of permafrost up to about 25 ft the average summer temperature 
_ could be expected to be about 1° to 2° below freezing. _ Therefore the Uo Cri 


(Base Plate Not Shown) 


| 


‘The: method ‘te ana lowing steps: (a) Determination of 
the quantity of heat flowing down each pile; (b) determination of the permissible ie 
om rate of heat flow; (c) determination of the heat flow, through : a heat diverter; ee 
sd = @ determination of the size of diverter; and (e) determination of the required ri : 
- The Total Quantity of the Heat That Can Flow Down Each Pile-—The ba 
equation for steady heat flow was used for this determination. 
oe 2 3 in which Qr is the total heat flow in British Thermal Units (BTU) per hour; 


—— 
coneofsteady 
A onstant tempera- 
— 
q — 
— 
— 
7 
— 
7 
a 
= 


helt X is the particular section of path in feet; k is the thermal con- 

ductivity of a section in BTU per square foot per hour, per foot per org 


_ Fahrenheit; and A is ; the mean cross-sectional area of a section in square feet. is. 


oo ie subscripts 1, 2, 3 ... n identify the number of sections in the total path. — 
~The Permissible Rate of Heat Flow Down the Pile—This flow 


‘was assumed to be a rate that would melt out an annular layer around the pile 
of 0. 05-in. thickness at a rate not to exceed 1 ft mnie est in 24 hr. _ The value of 


assumption as to the moisture content and this ‘item res into a 


simple calculation of the heat required t to ) melt the moisture, assuming g the p pile 


¥ 
= 
Concrete Fill Above S 


2. = 


_30 Ft Effective 
Embedment 


—— 


SECTION. 


te to be: 32° If the the heat flow Lin 


step a exceeds the permissible value, some means is necessary to keep the €Xxcess- 
heat from, flowi ing down the pile. An number of methods might be = 


as baffles or artificial cooling. For the structure in it was 


padi is illustrated i in Fig. 5. 


Heat Flow Through Diverter. —The pc point of diversion is first picked. In 


this case the point was on 1 the pile 2.75 ft above the assumed permafrost table. 
_ Knowi ing the permisssible r rate of flow and the temperature of the bottom of the 
- pile, the temperature at the’ point of diversion i is calculated by a simple appli- 
~ “cation: of — basic acces m for heat flow. If the subscript 7 D is used to denote 


a 


a 
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_ permissible flow through the pile: 


in n which xe nor 
path. Since the temperature at the point of diversion, T,, , cannot exceed 


value, R, that i is computed from step a a. t total heat fi flow j in the system, 
Qr, is then 


30° ». the quantity of heat to be handled by the diver can be deter- 


Qr = * (3) 


in which Qp is the of to be handled by the diverter. For the 
particular example ‘analyzed, this quantity am amounted to 1.90 — - 0.4 


90 — 
2 i d. Diverter Size.—It was assumed that only one half of the cirumfretil 
4 area around each pile would be effective in dissipating heat. at. The 
diverter m may be likened to flow through a pipe having an eve a 
cross-sectional area (the concrete pad) and having an infinite number of <—S 
tesimal side outlet pipes (the soil above the pormaizent table) discharging into “J 
a reservoir - of fixed elevation (the permafrost). bf 
_ The first step is to adopt a trial size. A radius is assumed, oid the effect on BAS 
& ‘melting the permafrost is checked by determining the time eee to melt an "ae 


which A is the horizontal under the diverter; dis the depth 
of layer (in this case 1 in.); M is the moisture content of soil by weight as a oi 
decimal; D is the density; t is the time in hours; and Qp is the flow through the by a 7 
_ diverter in BTU per hour. In practice it ‘wil be found that almost any — ae Be 
_ reasonable size of diverter will keep the rate of melting within safe limits. For _ Bit ke 

_ the case in question a radius of 6 ft resulted in a rate of melting of 1 in. in about pte 

55 days. it should be noted that the limit of 1 in. is arbitrary and could be = 
“established at other values depending upon the designer’s judgment. The ene 

value of t should be equal to the length of the thawing (summer) season. — _ a 

ol The thickness of concrete mu must be selected next. In this case a thickness of a 

6 in. was selected for economy. The relationship of heat flow i in the soil | and a 


concrete warrant keeping this thickness as small as practicable. 
a is evident from an inspection of the problem that, for any pee ae 
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which Q; and are flow in the eonerete pad, and Q. is the flow | through an 
incremental soil cylinder. The relationships are indicated in Fig. 6. Itshould 
= _ be noted that the conditions i indicated are not completely correct physically _ 
i the elevation of the permafrost table should rise a certain amount. 


The assumptions implied, however, are considered to be on on the side of ree * tf 
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relati onship is solved by an arithmetic process as follows: ; i 


2. Compute -T,- i + +4 te.. in which 7 T, is the 


Compute Q,= in which A, = - and the Q, is the 


average heat flow i in the annular soil ring; adi | ed te 


Compute Qave as a check against 5, from step 4 above: 


Revise the assumption Atas indicated by the result of step 5. 
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_ At the end of the process the final flow i in the pad should be zero and the | 
‘allowable total temperature drop (= A completely consumed. If residual flow 
till exists in the concrete, the thickness or the radius must be increased or Pain 
2 The computation, anes set up, can be solved fairly rapidly for a number oe a 


It was noted for the case in question that the critical region for the diverter 
we layi in radii of less than about 2 ft. In this zone the soil ‘cylinder i is capable of — a 
diverting very little heat flow, and excessive thickness of concrete would be 
To eliminate this an annular ‘sheet copper element was employed, 
extending to an average radius of 3 ft. The step calculations outlined are 
readily adapted ‘to include provision ‘for the copper element, assuming (for 
simplicity) that all the flow-in the pad i is taken by the copper. In general it 
_ would appear economical to keep the concrete thickness toa minimum consistent © 
, with other requirements, and in the critical region close to the pile to attain the 
‘a 
required heat transmission with a high conductivity metal. The calculations 


that less than Bi -in. of copper was was 


t 


“ 1. To reduce t the: possibility of galvanic corrosion; and a 


2. To) prevent feeding of heat to the pile due to subsurface Sadat i 
Required Length of Pile—The following criteria were ‘set 
& For winter conditions with the pile completely frozen i in, the allowable na 
a # of skin frictional resistance (u) was taken as 20 lb per sq in. of pile surface, : 
y The minimum length of effective imbedment in permafrost is 20 ft, Payers + 
q j highest pile joint was taken to be at least 5 ft in permafrost. thee 


For summer conditions when the pile may be all or partly in, 


’ g unfrozen, should develop sufficient skin friction to resist forces due to a — 
per hr wind. Effective imbedment specifies that all layers of f highly organic r 
‘materials, ice lenses, and other impurities, according to the judgment of the a 
designer, should be excluded from contributing to the ‘pile resistance. The 
. criterion for minimum imbedment under summer conditions is based upon nthe 
3 3 assumption that 30 consecutive days is the maximum period under which the 
design temperature conditions can be expected to prevail. This was based 


melting of 1 ft per day for 30 consecutive days. ‘The pile, when ‘completely 


examination of temperature records for a number of locations in the Arctic and — “Ss 

may be adjusted for any specific | locality in which reliable information i is avail- 

method of design presented above is admittedly eh 

spproach to a method that will become more accurate with 
= increase of knowledge in the basic factors, such as temperature regimens, coe ie 


radiation, and soem, an increasing knowledge of mechanics. bo 
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i Fig. 5 shows the type of element and pad adopted for the design in question. — 
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FOUNDATIONS ON _PERMAFROST 


ever, it is to the because it indicates that 
question of heat transmission may be important even on unheated fe al 
74 and it provides a method of attack that can be. employed for any structur a 
founded on piles. It also recognizes certain important factors that affect the — 
a4 success of the eons and provides the framework within which nee can be 


The tests and studies described in this paper are in connection with 


performed for the Air Materiel Command, under the direction of Col. J. G. | 

.: Griggs, USAF, Chief of the Air Installations Division. The author wishes to ‘a 

express his appreciation for the assistance of John W. Bierhorst, Jr., who ably 4 
isn: ceases much of the work and assisted in the later phases of the design — 
analyses, and Chief Warrant Officer Philip K . Head, USAF, who ably and un- > a 


 tiringly assisted i in the construction of the equipment and in the scoomplishment — 
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On PILE FOUNDATIONS = PERMATROST 


DI U s s I ON 
Cartson,? A. M. A§ 


studies which are of great int interest epi importance to “engineers 


ile foundations for ‘sites in arctic and subarctic reg ions where rermafrost fag: 
p 


is assumed from the statements under ‘the heading, ‘Test Program; 


‘Test Results,” describing Fig. 2, that ‘curves 1° to 5, inclusive, indicate the 


3 results of tests on wet wood and curve 6 indicates the results of tests on 1}-in. ee re 


steel pipe. i has been observed that the adhesive force between wood and 
soils increases. ‘as the temperature decreases. This would ‘account 


- the behavior of the clayey soils in curves 1 and 3 as well as the silty soils Pie 


temperature range. The adhesive force developed between soils and = 


curves 2 and 4, respectively. _ The, sandy | soil of curve 5 also fallsin 
the oat same area of the graph as the clayey and silty soils at the 11°F to 15°F pest 


or wood depends, | among other things, on the surface characteristics of = 
‘pile materials. Taper in the proper direction or surface | roughness | on es 

‘ piles could be more effective i in developing adhesive force than the relatively 

7 - smooth surface of steel pipe. It is not indicated in the paper what type at ay 
1a failure occurred in the tests made . on the steel pipe; that is, whether the pipe oy 
slipped i in the frozen soil or ' whether a diagonal tension failure occurred in the i 
soil. It would be interesting to know what results would be obtained from ‘é: 


_ tests on full-size pile specimens and whether the indicated unit adhesive = $4 


ef is affected by the diameter and depth of imbedment of the pile specimen in 


‘ho Although the structural loads and other factors may have prevented the 


A 12-in. speed pile would give a a (k . A)- value of 0. 8 X 113 = 
XXH steel pipe pile would have a a (k ‘A)-value « of 312 21. 4= 


oo a given temperature differential and length of pile, the steal pipe » would ; 


transmit about seventy-five times as much heat as the wood pile. 
In the design o of the heat diverter. pad shown in ‘Fig. 5, it is indicated that — 5 


i a compacted dry sand backfill is used between the concrete pad and the perma- 


‘: frost table. As it would be undesirable to transmit heat from the pad to the — 
permafrost i in the vicinity of the piles, a less. conductive material than a core 
- pacted sand should be used if possible. Generally, the coefficient of thermal — 


| . - conductivity of materials varies in direct proportion to the density. Thus, | 
. q for the least heat transfer, fill materials with low density should be selected. a 


ie 2 Chf., , Permafrost Div., St. Paul District, Corps of Engrs., U. 8. Dept. of the Army, St. ‘Paul, Minn. ai 
3 = ‘“*Permafrost or Permanently Frozen Ground and Related Engineering Problems,” by 8. W. 
- Edwards, Inc., Ann Arbor, Mich., 1947. 
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wood piles would be much less than that transferred by steel piles. Thisis 
evident from the coefficients of thermal conductivity of these materials—0.8 
for wood and 312.0 for steel. The quantity of heat conveyed into the ground 
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(ON PILE FOUNDATIONS on “PERMAFROST 
ae A fill, “containing paren with a high void content which is saturated and 
_— frozen, will have a high volumetric latent heat of fusion and will be very 
3 effective in resisting heat transfer until the ice is entirely melted. er 
ha. Filling of the steel pipe piles with relatively high-density materials suc ae 
a as sand and concrete will tend to increase the total quantity of heat = 3 
a — down the pile. It appears that the central part of the concrete pad bounded by re a 
piles is unneceesiry since only the part outside the pile circle is effective 
in dissipating heat A to areas where it will not affect the ae 


darger ‘coefficient of thermal than the supporting soil, or r lateral 
+ heat transfer would not be effected. 
‘Under the heading, “Reduction of Heat Transmission; € Required Length 
of Pile,”"—“* * * the minimum pile imbedment was assumed to be 30 ft basedon _ 
an allowable rate of melting of 1 ft per day for 30 consecutive days.” Thus, peed 
_adfreezing strength of the pile could be zero at the end of the thawing season. 
AS refreezing normally would occur from the ground surface downward, 
forces could develop with ice segregation in frost-susceptible soils near 
the surface before refreezing would occur at lower levels. It would be desir- Ne 
+3 therefore, to ‘provi ide sufficient anchorage to resist uplift in the annual» 
frost zone. Normally piles cannot be driven into permafrost but must 
placed in holes formed by drilling or steaming operations. By attaching or a 
forming anchors ai at the bottom of the pile it is possible to increase the resistance | 
“~s withdrawal very substantially over that obtained by the bond developed — > 
L. A., Nees,’ A. M. ASCE- ~The in force between wood 
and soil, as temperature decreases, accounts for the difference between curves — 
3 1 and 3 and curves 2 and 4 of Fig. 2, as stated by Mr. Carlson. The curve = 


further — except | for soils that ‘differ classifi- 


af 


‘Dhl 


In no case—ev en tests because of doubt as to the resulte—-did 
any of the values of u reach 125 lb per sq in. Only two tests exceeded 100 ae 
< per sq in.—one at 102 lb per sq in. and the other at 121 lb a 8q in. The 3 
remainder were observed well below 100 lb per sq in. ld ad) id) 
During and immediately after each test run, a careful examination of the ae 
; soil mass was made to obtain evidence of shear failure. In no case except that 
very soll conditions (M less than 6%) did the fail i in shear. All other 


The writer has not as s yet been able to ) make the n necessary § series of full- scale 
tests which would answer questions on scaling, 


-$Chf., Installations Eng. Section, Air Installations Div., Air Materiel Command, Wright-Patterson — 
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—— a the dividing line for the two types of failure in terms of moisture content will = . 
a 
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M 's comments regarding the thermal efficiency of of wood are 


at ~The use of wood piles was considered in the design; howev er, the | 
tower loadings and site conditions dictated the use of steel piles. 


2 


7 ‘Thes sand-blanket backfill was used to Teduce t the volume of gravel required, 
vel being | scarce. Actually, a coarse gravel might be more desirable. The 
-18-in. insulating layer was counted on to provide the major portion of the 


Whether to fill the pile or to cap it, leaving it hollow, is open to question 
lt would probably reflect the individual judgment of the designer. The 
thermal disadvantages and stevctural advantages of filled piles are ne not t of 
The central part of the pad is unnecessary and the diverter was s designed on 

_ that basis. However, the pad was made ¢ ‘ontinness over the area to decrease a 


wat, 


were used. > “The analysis on this basis indicated that concrete cannot deliv og 
sufficient heat laterally until a radius of the order of 3 ft to 5 ft is wncuanee A. 
necessitated the use of the copper sheet. 
z It is true that refreezing normally occurs from the ground surface down- — 
of ward. However, when air temperatures go below freezing the heat flow is es 
= reversed. The tower is now a structure capable of dissipating tremendous | a Xi 
aa quantities of heat energy. roa or the design conditions, the frictional ae 
of the unfrozen length of pile i is approximately 25 kips, , which is sufficient to . 
hold forces developed by surface freezing to a depth of approximately 1 ft. at 
No analysis was made, but it was intuitively concluded that, before this could - 
be exceeded, the pile bottom would be “refrozen” into the permafrost for. a a. 
_ sufficient depth to overcome forces developed by surface freezing. However, vias 
a ‘in any specific design where serious doubts exist regarding this condition, ed ; ie. 
designer can either adopt Mr. Carlson’ s suggestion of anchors, or increase the _ 
length of pile. Anchors may prove most desirable for “‘steamed-in’’ piles. ze 
- However, such anchors should have a diameter of at least three pile diameters +4 
insure success. For’ “drilled-in” piles, it should prove more economical to 
‘ae The writer wishes to . thank Mr. Carlson for his interesting discussion. ee 
revealed the weak points in the paper and illustrated the need for more . 7 TA 
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Definition, Methods, and Research Date 


By Rosert L. Lowry. . ka ae 
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D Harry F. BLANEY 

_ Consumptive use (or evapo- -transpiration) includes loss of water by evapora- bs 
tion of moisture from the surface of the soil and loss from interception by OM: a 
Vegetative cover and plant transpiration. This paper r discusses the subject of 
consumptive use with special reference to definitions, methods, and results of ] 
research. The procedure for determining consumptive use of water in in valley 

areas from climatology, irrigation, and other data is outlined . The results of vw 7 

experimental measurements of evapo-transpiration by agricultural crops and 
natural vegetation are presented briefly. The paper provides the practicing 

the ‘information required to estimate consumptive ‘use it in 


Knowledge co concerning ng the various” phases the hydrologic cycle is in- 
complete. Consumptive use of water (or evapo-transpiration) is one of the 
important elements in this cycle of water movement from the time water falls 
on the land as rain or snow u until it reaches the ocean. The subject of co con- 
 sumptive use includes evaporation of moisture from land and transpiration by 
- vegetation and i is increasingly significant, particularly in the irrigated areas of a 
the western: part of the United States. It involves problems of water supply 
both surface and underground, as well as those of the management of, and 
general economics of, irrigation and multiple-purpose projects. Data on the 
use of water are “essential in planning ‘federal, state, and private irrigation 
is projects. The consumptive-use requirement for water has become an im- 
rey portant — factor in the arbitration of controversies regarding major stream — 


eS systems, such as the Rio Grande and the Colorado River, in which the welfare 


: _ Nore.—Published in October, 1951, as Proceedings-Separate No, 91. 
those i in effect when the paper or discussion was received for publication. 
8C8, Research, U. 8. Dept. of Agri., 
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NSUMPTIVE USE 
of the people of valleys, cities, states, and even nations is involved? - Before 
_ the available water resources and an equitable division of the use of the 
waters of a drainage basin in arid and semiarid regions can be satisfactorily 
ascertained, careful consideration must be given to the consumptive-use _ 
 Fequirements f for water in various 
In water-supply and irrigation investigations, engineers are called upon ads 
make, within a limited time, estimates of probable past, present, and future | 
evaporation and evapo-transpiration losses from areas in river valleys. | agpont: 
times few long-period hydrologic records, “except, climatological data, 
available. The results of research p provide the prac- 
ticing engineer with the basic data and methods required to estimate con- _ 
sumptive use in utilization of water investigations.‘ A progressive improv 
ment of methods and rapid increase in available literature on the subject 
a hea sometimes make it difficult and tedious for the engineer who does not specialize __ 
s this field to evaluate the data properly and select the methods best suited 


solving his particular problem. _ WAL Tak 


‘DEFINITIONS AND Some INTERPRETATIONS 
Definition of Consumptice Use.—In some instances there has been confusion — 


ee to the meaning of terms employed in | reports on the use of water Such 


stream-flow depletion, water irrigation and 
of water have been interchanged. ~ In this paper the terms “consumptive use” 
“evapo-transpiration” are considered synonymous. They may be defined 
+ _ “The sum of the volumes of water used by the vegetative growth of a 
it given area in transpiration and building of plant tissue and that evaporated — ¥ 
from adjacent soil, snow, or intercepted precipitation on the area in any 
a3 ‘Zoounad time, divided by the given area. If the unit of time is small, 
a, a the consumptive use is expressed in acre-inches per acre or depth in inches, ill 
whereas, if the unit of time is large, such as a crop-growing season ora | 
depth in period, the consumptive use is expressed a as acre-feet per acre or 
depth in feet or inches.” __ 
he This definition has been found satisfactory for use in many reports § since 
1935. 2.3.4 In 1939 it was adopted with minor changes by the Committee on 


Irrigation of the American’ Society of Agricultural Engineers and is now in 


Other Interpretations —Although evaporation and transpiration have been 

pa — studied for more than 200 years, the term consumptive use probably was not 

re ee a applied to water | consumption prior to 1900. Many of the writings concerning 
at the consumptive use of water are in the form of unpublished engineering se i 
‘The term consumptive use, as originally applied to irrigation, was defined a 


a 4 oat “Water Utilization, Upper Rio Grande Basin,”’ by Harry F. Blaney, Paul A. Ewing, O. W. Israelsen, 
"7 Carl Rohwer, and F. C. Scobey, National | Resources Committee, Washington, D.C. Part IIT. (Pebrwary, 
___ #“Consumptive Use of Water in the Irrigated Areas of Upper Colorado River Basin,” by Harry F. 
‘ Blaney and Wayne D. Criddle, Div. of Irrig. and Water waa SCS., U. 8. Dept. of Agri., Logan, 


1 
 _4“Consumptive Water Use ont Requirements: of the Participatin, Agencies, Pecos River,” 
Harry F. Blaney, Paul A. Ewing, Karl V. Morin, and Wayne D. Cyiddle, oint of the 
National Resources Planning Board D. C., June, 1942. 


Pe 
— 
| 
a 
4 
— 
— | 
— 
4 
4 
4 
— 
% 
— 


asa water in acre-feet per acre irtigated. : Among the first 


- published writings dealing directly with the consumptive use, al report of an- 


committee in 1930 is noteworthy. The committee proposed 


_ the project, and the valley. It also review ed previous estimates of acme ve pan 
use for large | river systems and made ‘reference to mh articles, published and = 
unpublished, dealing with net water requirements consumptive use. 


One: of the definitions suggested by committee follows: = 
tee a Use in a Basic Sense: The consumptive use, ‘U’, is 
here defined as the quantity of water, “e acre- o-fort _per cropped acre per - 


In a Teport’ i in 1930 = rainfall penetration and consumptive use of water, 
consumptive | use was defined as “the sum of water used by the - vegetative e 


cata of a given area in transpiration or building of plant tissue and ~eoll 


In 1934, the Committee on Absorption and Transpiration, 
_ Section, American Geophysical L Union, proposed the following definition’: _ 
 “Consumptive Use: The quantity of r per annum used by A 
roped or natural vegetation in transpiration or in the building of plant-_ i 
tissue, together with water evaporated from the adjacent soil, snow, or 


from intercepted is sometimes termed ‘evapo-transpira- 


| 


1935 the ASCE Special Committee of the Board of Direction, 
_Trrigation Hydraulics, the definitions®: wus ie 


“Consumptive Use: The quantity of water and evaporated from 


some reports, the term “total evaporation” is applied the 
evaporation and transpiration loss in drainage basins. wale 
handbook! of the ASCE Committee on ‘Hydrology of the. Hydraulics 
Division of the ASCE, published in 1949, states: 


 “* * * the terms ‘evapo-transpiration’ and ‘consumptive use’ have 


received, general acceptance, these terms denote the quantity of water ae 
ae “‘Consumptive Use of Water in Irrigation,"’ Progress Report of the Duty of Water Committee of the 


__ 6“Rainfall Penetration and Consumptive Use of Water In Santa Ana River Valley and Coastal 
Plain,” by Harry F. Blaney, Colin A. Taylor, and Arthur A. Young, Bulletin No. 33, Div. of Water Re- 
sources, California State Dept. of Public Works, Pomona, Calif, 1930. 


rt of the Committee on Absorption and Transpiration, 1933-34,” Transactions, Am. Geo- - 
nion, Washington, D. C., June, 1934, Part II, pp. 295-296. 
_ *“Letter Symbols and Glossary for Hydraulics,” Manual of Engineering Practice No. 11 , ASCE, 1935. 


*“Hydrology,” Physics of the Earth Series, Vol. TX, ed. by E. McGraw-! Hill Book Co., 


“Evaporation and Transpiration,” in Handbook Manual of Practice No. 28, 
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by their | grow py in ‘the tissu 


for the : purpose of. maturing its crop; 
Irrigation The quantity of water, exclusive of precipitation, 


we 


onto a a particular land area, minus the mount that flows out of the the alley 


4, Transpiration: The quantity of water absorbed by the crop and shins = 

_ spired and used directly in the | building of plant tissue, | in a specified time. ‘Sa 

Water requirement: The quantity y of water, regardless of its source, 


required by a crop in a given period of of time, for its normal ‘grow th under field : 5 
_ conditions. : It includes surface evaporation a and other ‘economically a 


sumptive Use—Many factors singly or 


effects these factors are not necessarily constant but may fluctuate from 
year to year as well as from place to place. - Some involve the human factor, 9 
others are related to natural influences and the environment. 
The rate. of evapo-transpiration depends on climate, soil-moisture supply, 
cover, soils, and land management. factors included i in climate 
that particularly — affect consumptive use are _ Precipitation, “temperature, 
wind movement, and length of growing season. The quantity of 


Ve 


~~ 


‘4 of sunlight, the stage of the development of the plant, the amount of its ee’ 
a The effect of sunshine and heat in stimulating transpiration was studied as _ 
1 early: as 1691, according to a a review of | the literature by Cleveland Abbe. no 
s _ Measurements of transpiration of various kinds of plants by L. J. Briggs and + 
i. H. L. § Shantz indicate a close correlation between transpiration and évaporation — 
‘ from free water surfaces, air r temperature, solar 1 radiation, and wet- bulb 
depression readings.” Scientists have made many other. studies of the effects 
of temperature moisture and light on plant growth 


First rt of the Relations Between and by Cleveland Abbe, No. 36, 


Weather Bureau Dept. of Agri., Washington, D 


12 “Daily Trenepiention the Normal Growth and its | with the 
L. J. Briggs and hantz, Journal of Agricultural Research, Vol. 7, 1916. j a 
Water Requirements of Plants,” Lyman J. Bri 
Washington, D D.C. 19 


. Bureau of Plant Industry, U. 8. Dept. of Agri., 
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have been on evaporation from soil ond evapo- transpiration at 
: ie times during the past 50 years in the United States. 
One of the first studies"* of evapo-transpiration losses of irrigated 8 i 
; California was made in 1903 by Irrigation Investigations, Office of Experiment : 
a7! ‘Stations, United States Department of Agriculture (USDA) . At various 
fies since that date this agency, now known as the Division of Irrigation | and 
‘Water Conservation of the Soil Conservation Service (SCS), has studied and 
measured consumptive use of water by different agricultural crops and natural 
» vegetation in many sections of the west, in cooperation n with state engineers as 
‘ well as state agricultural experiment stations, and other agencies. Usually 
evaporation, temperature, humidity, precipitation, and wind movement were 
oS _ recorded at the same time. Thus, data are available in many areas for corre 
lating consumptive use measurements wi with h temperature and other cl 
Extensive studies i in the correlation of evaporation, temperature, humidit 
movement, and evapo-transpiration were conducted by the author 
(a n 1919, at the Irrigation. Field Laboratory o of the USDA, located at a: 
a Colo. These studies included meteorological observations as well as measure- a 
oa and consumptive t use of water r by irrigated mone grown in : 
results of these studies and other investigations in California, New 
Mexico, and | other areas indicate e the observed evaporation | data be 
used as a means of estimating e evapo-transpiration by phreatophytes (water- 


= vegetation) having access to an water the relation 


area, the eel ed use, with reference to 0 evaporation froma near-by exposed — oe 

pan, was 95%. The TABLE 1.—CorFFICIENTS FOR ConsuMP- 


7 
TIVE Use or Water, CARLSBAD, 


jae smaller in the ee 
months, but 95% was the aver- — 
age | obtained from 
long- ree cords of 


Sacaton.... | 0.0044 0.0130 
0.0063 | 0.0154 


0.0075 | 0.0216 


tive-use measurements at Carlsbad, N. Mex. formulas were 
computing and consumptive use temperature and 


ce of Experiment U.S. Dept. of 


Report on Evaporation and Use of Water Studies at Field Laboratory, 
Colorado,” Harry F. Blaney, Div. of Irrig., ,U. 8. Dept. of Agri., Los Angeles Ca if, 1920 (unpublished). 
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monthly empirical coefficients; t is the mean monthly temperature, oF; pis ti a? 
a monthly percentage e of daytime hours of the year; h is the average monthly %% 


pare 


Observed Evaporation, 


60 
ows 


4 
U=K,C; Ke= = 0.0083 


Observed Evaporation 
~Bare Soil, 2 Ft Water Table 


rained humidity; and c = tp (114 — A) is the monthly use index (Glimatie factor). r 
The formula for annual ive use (or evaporation) in inches is 
in which K, is the empirical cosfiicient for the entire year; C is the use index 


th the entire year; kw is the for the winter period; k, is the 


ae 
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values of ky and k, may be computed from observed values of consump: 


tive use, temperature, and humidity by the relation k = = u/c. 


_ Computed coefficients for winter and summer consumptive use of water 2 

. for natural vegetation (phreatophtes) growing along the Pecos River, based on ¥ 
evapo-transpiration, temperature, and humidity measurements at Carlsbad 
for the year 1940, are shown in Table 1. The computed annual coefficient © Gee é: 
a K for ‘lake-surface evaporation is 0. 0164 . The summer er coefficient for alfalfa, — 4 


growing in an area of high water table at Albuquerque, N. Mex., in 1936, is 


Trees 
(With Summer Cover Crop) 


a 


S 


range Trees ou ‘over Cro 


Fra, 2.—Use or Warne, San VALLEY, CALIFORNIA 


_ Fig. 1 shows the observed and calculated curves for use of water for evapora-— Hage 
tion from a Weather Bureau pan, a tank of sacaton growth, and bare soil 3 


tank at Carlsbad in 1940. An example of the results of research studies of Tipe 2 


a the transpiration use of water i is shown i in Fig. 2 which i illustrates the difference a 
e nA between evaporation from a lake surface and the use of water by alfalfa and BE aS 
citrus trees in the San Fernando Valley, in California."® j= | 


results of some measurements by various investigators of consumptive 
use by agricultural « crops ‘and natural vegetation are shown in Tables 2 and 


> > a Rig Report on Cooperative Research Studies on Water Utilization, San Fernando Valley, Pe 
- California, Irrigation Season of 1950,"" by Harry F. Blaney and Homer J. Stockwell, Jr., Div. of Irrig. 4 
U. 8. of Agri., June, 1941 ( lished). 
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Growtne SEASON 


From 


May 
April 


‘| June 1 


April 1 


Bonners Ferry, Idaho. . 
Logan, Uta 
_ San Luis Valley, Colo. . 
Nebr 


Ma ay 
May 
A 


April» 
“Vist 


Calif... 


om (2) 


Crops as DETERMINED BY FIELD EXPERIMENTS _ 


Consumptive| 


use of water 
(inches) 


(5s) 


(3) 


1940-1947 
1940 


1902-1% 1929 
1940 


25 
November 10 
September 30 
November 11 
October 11 
October | 


Authority, 


+ 


Marr and 
Bilaney® 
Veihmeyer¢ 

Blaney and 


30 
September 30 
September 20 


1902-1929 
«1948 


Veihmeyer* 
Pittman and Stewarté 
Criddle and Peterson’ 


81 | 1927-1930 
November11 | 1940 


November 30 | 1932 sa 


Beckett and Dunshees 
Blaney and Bloodgood’ 
Adams and Veihmeyer* 


Harris and Hawkins! 


175 
1405 

14.72 Bo 


1932-1933 


1929 


— 


October 31 


(f) OrncHarD 


1928 


26.30 
27. 43 


September 30 
30 


September 31 
November 30 
October 22 
September 30" 


‘1998 


| 


Marr and Criddles 
Pittman and Stewart¢ 


Blaney® 


end 


Blaney Taylor* 
Harris and Kinnison! _ 4 
Beckett and Pillsbury® 


Beckett™ 


Blaney? 


Me I 
Fortiere 
Blaney and Taylor# 


May 8 
May 20 


1947, 
1902-1929 


September 27 
15 


Marr and Criddles 


Pittman and Stewarté 
Sanford and Criddle= 


— 
— 
— 
— 
Logan, Utah..........| May 7 374 | Blaney and Stockwelle 
— 
Bakersfield, Calif......| April 1 
Mex..| May 1 
q 
Luis Valley, Colo... June 1 | September 30 
| 


q 
4 


CONSUMPTIVE, 


bon on Peniop 7 Cooma) 
ati : use of water 


Dawis, Calif... April 1 | September30] ... Veihmeyer¢ 
Logan, Utah. . April 15 | October 15 - Pittman and Stewarté 
April 20 | October 15 | 1932-1936 


31 1933-1935 | 22. Veihmeyer¢ 
March 25 June 30 | 1918-1920 


May | September 30 | 1925-1028] 21-4 
tober - 


“Consumative Use of Water Studies i in Idaho,” by Wages D. Criddle and Jeunes | Cc. Marr, ‘Div. 4 
lesigntion. Soil Conservation Service, U. 8. Dept. of Agriculture, Boise, Idaho, 1945. —’ ~~ 
*“Consumptive Water Use and Requirements,” by Harry F. Blaney, Karl V. Morin, and aS D. i. 
Criddle, The Pecos River Joint Investigation Reports of 
Board, 1942, pp. 170-230, 
“Irrigation Studies,” by Frank J. ‘Univ. California, B Berkeley, Calif. + 1939 1939 (unpub- 
4“Twenty-Eight Years of Irrigation Experiments near Logan, Utah,” » by D. W. Pittman and George 
Bulletin 219, Utah Agricultural Experiment Station, 1930, pp.1-15,. 
“Progress Reports on Cooperative Research Studies on Water Utilization, San Fernando Valley, 
by Harry F. Blaney and Homer J. Stockwell, 1940-41 (unpublished), 
7a “Consumptive Water Use and Requirements: A Progress Report on Colorado River Area Investiga- ae 
— in Utah,” by Wayne D. Criddle and Dean F. Peterson, Jr., Div. of Urrigation and Utah Agricultural 
_ Experiment Station, Soil Conservation Service, U. S. Dept. of Agriculture, 1949.00 (oe 
“Water Requirements of Cotton on Sandy Loam Soils i in Southern San Valley, by S. H. 


Investigations in San Joaquin Valley, California. 1926- 1935,” by Frank 
Veihmeyer, and Lloyd N. Brown. Bulletin 668, California Agricultural Experiment Station, 1942, 
“te ‘Irrigation Requirements of Cotton on Clay Loam Soils in the Salt River Valley,” by Karl Harris 
be and and R. 8. Hawkins, Bulletin 181, Arizona Agricultura! Experiment Station, 1942, pp. 421-459. 
_4“Uses and Efficiencies of Water by Some Farm Crops under Irrigation in Western by 
= Leslie Bowen, Div. of Irrigation, Soil Conservation Service, U. 
“Rainfall Penetration and Consumptive Use of Water in Santa Ana River Coastal 
by Harry F. Blaney, C. A. Taylor, and A. A. Young, Bulletin 38, Div. of Water Resources, California 
State Dept. of Public Works, 1930, pp. 1-162, ate 
_ §“Use of Water by Washington Navel Oranges and Marsh Grapefruit Trees in Salt River Valley, — 
. daa by Kar! Harris, A. F. Kinnison, and O. W. Albertt, Bulletin 153, Arizona Agricultural Experiment 
_ “Irrigation Requirements of California Crops,” by Arthur A. Young, Bulletin 51, Div. of Water 
Resources, California State Dept. of Public Works, 1945, pp. 1-132, 
“Irrigation Requirements in Southern California,” by H, Beckett, Bulletin 32, Div. of Water 
Resources, California State Dept. of Public Works, 1930, Chapter A pp. 57-60. be 
Orchard Irrigation,” by Samuel Fortier, Farmers’ Bulletin 1518, U. 8. Dept. of 1927, 
» Studies (unpublished) of Hollis Sanford, and Wayne D. Criddle, 1941- -1943. 


Engineers, Bureau of Public Roads, S. Dept. of Agriculture, 1914-1920. 


___ * “Consumptive Use of Water in the Delta of Sacramento and San Joaquin Rivers,” by O. V. P. Stout, 
- Bulletin 27, Div. of Water Resources, California State Dept. of Public Works, 1931, pp. 68-75. | 
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Mernons OF Deremanmne WATER UsE 


‘Sci ientists have tried various means to determine the amount of water 


freshly cut | leaves, twigs, or r stalks of growing plants immediately ies cutting 
' | and at short. intervals Fanaa during a period -o of hours or days, or | 


TABLE 3. OR SEASONAL ConsuMPTIVE Use OF WATER BY 
wat EGETATION As DETERMINED BY TANKS AND Sou-Morsrure 


Sropigs iv VauLey 


| 
Depth | 
UF 


table th ths | 


Oct. 1928] Sept. 1929] 12 Blaney and Taylor> 
Oct. 1927] Sept.1928) 12 Blaney and Taylor? 
Oct. 1927| Sept.1928) 12 Blaney and Taylor 
Oct. 1929] Sept. 1930) 12 J Blaney and Taylor? 


| Oct. 1927] Sept. 1930 2 21.6 | Blaney and Taylor 

Oct. 1927] Sept. 1928) 12 Blaney and Taylor> 


‘Santa Ana, Cal t May 1931 Blaney and Tayloré 
Santa Ana, Calif 


June 1931 Blaney and Tayloré 
Santa Ana, Calif. 


“wat May 1931 Blaney and Tayloré 
San Luis Valley, Colo... Apr. 1928 Tipton and Harte 


San Luis Valley, Apr. 1928 apd Hart* 


Eiders 

Blaney and 

Blaney 

Whitel 
4 


Los Oct. 1926] Sept. 1927] 
Oct. 1927] Sept. 1928) 
June 1936] May 1937) 1 
Mesilia ex. | July 1936] June 1937) 1 
ey, 


Escalante May 1927} Oct. 1927 Wy 
Escalante Valley, 26 May 1927] Oct. 1927) 


- 


Apr. 1941] Mar. Muckel and Blaney? 
i 
83.6 Oct. 1943 Sept. 1944] 120 
24 | May 1940] Dec. 1940] 8 | 61. 

Safford Valley, Ariz..... 48 | May 1940] Dec. 1940} 8 - 4 Turner and Halpenny‘ 

Carisbad. N. M 36 | Jan. 1940) Dec. 1940) 12 Blaney and Morin/ 

..|Mesqui 120 | Oct. 1943] Sept.1944) 12 Gatewood and Robinson’ 


Oct. 1943] Sept. 12 | 91.7 | Gatewood and Robinson* 


— 
— 
— 
plants in small pots, weighing them periodically to determine the transpiration 
— 
— 
— 
— 
| 
Palmer Canyon, Calif. 33 
— 
a 
— 
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CONSUMPTIVE USE 


Depth 


Safford Valley, Dec. “1940 | 520 Turner ‘and Halpenny? 
Safford Vale? 48 =| May 1940) Dec. 1940 39.7 | Turner and Halpenny* 
Safford Valle et Oct. 1943] Sept. 1944 54.2 
.|Grease wood May 1927| Oct. 1927 25.2 { 
.|Meadow grass se June 1936] Nov. 1936] — f .3 | Blaney and Morin 
Sacaton Jan. 1940| Dee. 1940 8 | Blaney and Morin’ 
.|Bermuda grass May 1929} Apr. 1931 
Sedge grass Ping May 1930] Oct. 1930 
Sedge grass | May 1930} Oct. 1930 
Sedge grass June 1936} May 1937 . Blaney and Morine 
Wire rush Aug. 1930] July 1931) 12 and Y 
Rushes | July 1931] Oct. 1931) 4 . Parshall* 
Jan, 1931} Dec. 1932 Blaney and Taylor¢ 
Luis Valley, Colo...jTules |§ | June 1936] Nov. 1936} 6 


- «Determined by Soil Sampling. No high water table. ™ >“Rainfall Penetration and Consumptive Use of Water in Santa 
Ana River Valley and Coastal Plain,” by H. F. Blaney, Colin A. Taylor, and Arthur A. Young, ulletin No. $3, Div. of Water 
Resources, California State Dept. of Public Works, Pomona, oF 1930. © “Hydrology.” Physics of the Earth Series, ed. 
sg O. E. Meinzer, McGraw-Hill Book Co., Inc., New York, N. Y , 1942, p. 295. 4“Water Losses Under Natural Conditions 
re from Wet Areas in Southern California.” by Harry F. Blaney, C.A Taylor, M. G. Nickle, and A. A. Young. Bulletin No. 44, 
Div. of Water Resources, California State Dept. of a Works, Pomona, Calif., 1933. *“Water Utilization, Upper Rio | 
_ Grande Basin,” by Harry F. Blaney Paul A. Ewing, 0. W . Israelsen, Carl Rohwer, and F. C. Scobey, National Resources 
— Wash n ston, D. C., Part IIT, February. 1938. /“*A Method of Estimating Ground-Water 4a" Based on 
Discharge by Plants and Evaporation from Soil,” Results of Investigations in Escalante Valley, Utah, by W 
Paper 859-A, ae Survey, U.S Dept. of the Interior, Washington, D. C., 1932. 9 “Uti 
Lower San Luis Rey Valley, San Diego County, California,” by Dean C. Muckel and Harry F. Bln Div. | ie 
of Irrigation and Water Conservation, Soil Conservation Service, U. S. Dept. of Agriculture, Los Angeles, Calif., es 
1945. of Water Bottom-Land Vegetation in Lower Safford Valley, Arizona,” by J. 8. 
Hem. and L. C. penny, Water-Supply Paper No. 1103, Gategied Survey, U. 8. — 
1950. ‘“Ground-Water Inventory in the Upper. Gila River Valley, New 
Any of Investigations and Methods Used,” by 8. F. Turner and L. C. Halpenny, Transactions, a) 
Am. Geophysical Union, 1941, Part III, Washington. D. C., August, 1941, p. 738. 4“Consumptive Water Use and Re- 


yne D. Criddle, Joint Investigation of the National Resources Planning Board, ashington, D. C.. June, 1942. * “Use > 
of Water by Native Vegetation,” by Arthur A. Young and and Harry F. Blaney, Bulletin No. 60 California State Div. of Water 


Resources, Sacramento, Calif., 1942 


or evapo-transpiration losses. - Most of the ‘methods of this. type are artificial, an. 


| e and it is questionable whether the results can be extended to field conditions. a 


Various methods have been used by engineers to determine consumptive — . 


us of water by agricultural crops and natural vegetation under field condi- 
ne tions.'7 Regardless of the method, the problems encountered are numerous. ae 
_ The source of water used by plant life, whether from precipitation alone Or 
s irrigation or ground water plus precipitation, is a factor in selecting : a ‘method 
- The methods most widely used in engineering investigations are: 
wide te bow. oR ala, EE 


| soil-moisture studies on plots; 


(d) inflow- outflow measurements; 


_11*Field Methods of Determining Consumptive Use of by Harry F. Blaney, Div. of Irrig. 
Dept. of Agri., Los Calit., 1938. 


a uirements: Report of the Participating ‘Agencies, Pecos River.” by Harry F. yp onal Paul A. Ewing, Karl V. Morin, and Be, 


— 
— 
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| 
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— 
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CONSUMPTIVE ‘USE 


a) analysis of irrigation and precipitation r records. JRR 


Soil-Moisture Studies on Plots. —This method is usually employed | 


a determine the consumptive use of irrigated field plots in which the soil is 
- fairly uniform and the depth to ) ground water is such that it will not influence - a 
the soil-moisture fluctuations within the root zone. Soil samples are taken — 
by means of a ‘standard soil tube | before and after each irrigation, with ‘some — 
i samples between irrigations. The ‘samples are in 6-in. sections for the a: 3 
foot and thereafter in 1-ft sections in the major root zone. Usually a great 3 


number of soil samples must be taken.* 


a Standard laboratory practices are used i in determining the moisture content 
¥ of the soil samples. The samples are weighed and dried in an electric oven 
_ at 110° C and the dey weights determined. The water content of a sample i is 7 


- és removed by evaporation ‘and d transpiration from each foot of soil is — 


oe The | ‘is number of acre-inches of water Pew from the soil by evapo- 
transpiration is is computed for each period and later reduced to equivalent losses — 


in acre-inches or inches for a 30- day period. 30- day losses” may 


: = of water for each month is taken dinniiy from the « curve (see Fig. 1). 
of monthly consumptive-use-of-water determination made by this 
method are shown in Table 4 forseveralcrops. = 
_ Tank and Lysimeter Experiments.—One of the more common methods of ; 
determining use of water by individual agricultural crops and natural \ vege- 
Ve tation is to grow the plants in tanks or lysimeters and measure the quantity . 
J of water necessary to maintain the growth satisfactorily. Tanks as large 4 
i as 10 ft in diameter and 10 ft deep have been used. However, i in most con- 
sumptive-use studies, the tanks are about 2 to 3 ft in diameter and 6 ft deep.*'® 
The practicability of determining consumptive use by means of tanks or 
___ lysimeters i is dependent on the accuracy of reproduction of natural conditions. Fs = 
1 a In addition to environment, artificial conditions are the result of the limitations 4 
ahs, of soil, size of f tank, or regulation of water supply. Ww eighing is ; the precise q 


means of determining the consumptive use from dels and this method was 


ie - 18 “Irrigation Water Requirement Studies of Citrus and Avocado Trees in San Diego County, Cali. 
a. as fornia, 1926 and 1927," by 8. H. Beckett, Harry F. Blaney, and C. A. Taytee, Bulletin No. 489, College of ll 
«Agri, Agri. Experiment Station, Univ. of California, Berkeley, Calif.,1930. 
“Use of Native Vegetation,” by Arthur A. Young and Harry F. Blaney, Bulletin No, 50, 
Water Resources, Sacramento, Calif., 1942. | 


— 
4 
— = 
— 4 
— 
- 
= 
i aa inl specific gravity (or volume weight) of the soil; d, the depth of soil in in es 
Pee sand _D, the equivalent depth of water in inches lost by the soil (acre-inch ee) 
iii 
a 
— 
’ 
, 
— 


used as early as 1907 However, “conditions. and facilities will not always 
permit the weighing of tanks. It has been found that all tank vegetation must 
be protected from the elements by a surrounding growth of the same species. — 
. Soil tanks equipped with s suitable supply tanks have been used successfully — 
in evapo-transpiration measurements from water ‘tables various depths. 
This equipment was recommended by the National Resources Committes. 
The tanks best adapted for this use are the double-type tank ne annular 
‘space between the inner and outer shells.* 


Po Charles Hamilton Lee, M. ASCE, in tests s conducted in (ae. Valley, it 


= 


ae 


“rh 


Consumprive Use or Water (Incues) 


Month | Oranges* | Peaches? Alfalfa Cotton Cotton ‘Beets 


April 
May 


October . 


“Progress Report o on n Cooperative Ressarch | Studies o oa Water Utilization, Fernando Valley, ‘Cali- 
- Irrigation Season of 1940,"" by Harry F. Blaney and Homer J. Stockwell, Jr., Div. of Irrigation, a“ 


Soil Conservation Service, U. 8. Dept. of Agriculture, June, 1941 (unpublished). 6 “Rainfall Penetration 
and Consumptive Use of Water in Santa Ana River Valley and Coastal Plain,” by Harry F. Blaney, Colin 
A. Taylor, and Arthur A. Young, Bulletin No. 33, Div. of Water Resources, California State ept. of 
_ Public Works, Pomona, Calif., 1930. ¢ “Irrigation Studies in Arizona,” by Karl Harris, Div. of Irrigation 
and Water Conservation, Soil Conservation Serv ice, U. S. Dept. of Agriculture (unpublished). Shae why: = 


 Ground- Water Fluctuations. —Evapo-transpiration losses are ‘indicated by 


the daily rise and fall of the water table. . Diurnal measurements of the ground- — ee / 


water: table fluctuations provide a basis for computing consumptive | use of 

>. _ water by overlying vegetation. This method has been used successfully by the fel 
Geological Survey (USGS), U. 8. Department of the Interior, i n Escalante ee 

Valley, Utah; Santa Ana Valley, California; Gila Valley, corm and other 


areas. 20,21,22 The procedure used is to install | observation wells, equipped with — a 


‘A Method of Estimating Ground-Water Based on e b and Evaporation 
from. Soil,” Results of in Escalante Valley, Utah, by W. » 
659-A, Geological Survey, U Dept. of the Interior, Washington, D. C., "1932. 
‘*Water Losses under Natural Conditions from Wet Areas in Southern Californ 
oe Harry F. Blaney, C. A. Taylor, M. G. Nickle, and A. A. Young; Part II, by Harold Troxell, nee No. +4 

‘ a Div. of Water bbe, California State Dept. of Public Works, Pomona, Calif., 1933. 

TW. “Use of Water by Bottom-Land Vegetation in Lower Safford Valley, Arizona,” by J. 8S. 

Robinson, B. R. Colby, J. D. Hem, and L. C. Halpenny, Water-Supply Paper 1108, a 
U. 8. Dept. of the Interior, Washington, D. C., 1950. & 


com 
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— 
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‘= en employed in California, Colorado, and New = [iim 
TABLE 4.—Montuiy Constmptiv — 
Potatoss 
| (Scotts. a 
4 ngeles, | 2nterio, | angeles, | “bluff, | field, | (tess, | 
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CONSUMPTIVE USE. 


3 


a specific yield of the soil is determined by standard methods. The dittnal y 


¥ ——eyele, a as indicated by the ground- -water table, represents a curve showing the bag 
relation of consumptive | use to ground- water discharge or recharge. srt a0 a “ 
Measurements.—Consumptive use of water by cottonwoods, q 
willows, tules, and other ‘riparian vegetation common to small streams may 
determined by measuring the inflow to and the outflow from a selected 
by means of flow recorders located on bed-rock controls. investiga 
tions conducted in the Upper Rio Grande,? the Pecos River‘ and other river 
engineers have used the inflow-outflow method to determine the 


; "consumptive use in irrigated valleys containing land areas up to 400,000 acres. a f 
ee ‘ie In the Upper Rio Grande Valley investigation the inflow-outflow method | 


a flows into the valley during a a 12- month year (J), plus the in precipita- 
tion on the valley floor (R), plus the water in ground. storage at the beginning — 
of the year (G, ), minus the amount of water in ground storage at the end of a 
the year ie ), minus the yearly o outflow (0). All amounts are measured in 
This re relation may be expressed the equation 
‘The difference between the storage of capillary water at the 
= Paella « are made on bed-rock ‘controls and there is little or no subsurface 
flow. _ Example of inflow-outflow measurement in several typical areas are 


seo M ethod. —Briefly s stated, the integration method determines 
a consumptive use by the summation of the products of consumptive use for _ 

— crop, times its area, plus the consumptive use of natural vegetation times a ae 
its, area, plus water surface evaporation times water r surface area, plus — a Be 


Pope tion frosa bare land times its area. This method was used in the Upper Rio 


_ Grande Basin* and the Pecos River‘ investigation to determine valley consump- — 
Before the integration method be used successfully, it is 


ne a3 to know unit evapo-transpiration, or consumptive use of water, and the areas” 
oe of various classes of agricultural crops, natural vegetation, bare land, and water 
surfaces. «Unit» values of the evapo-transpiration can be obtained by soil- 

; moisture, tank, or some of the other methods previously described. y By 
foe aerial maps | and field surveys, the ‘areas of the various types or vegetative © 4 
— -and the land and water surface areas can be determined , and the valley ra 


Effective Heat. —Many formulas have ‘been developed for determining 


omanation from meteorological observations, but formulas for estimating 


Use of Water for Agriculture,” by Robert L. and Arthur F. 
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CONSUMPTIVE | 


consum 


been found reasonable man ny years irrigation engineers 
have used temperature data in . estimating valley consumptive use of water ZF a 
+ areas of the west. C. R. Hedke developed the effective heat method on the 
basis of studies of the . Rio Grande ‘4a By this method consumptive use is es. 
—— from a study « of the heat units available to ‘the crops of a mie ‘ 
water ead the quantity of available 
~ Reclamation (USBR), United States Department of the Interior, in 1941 devel- 
oped a somewhat similar method that has been employed by the USBR in making ‘ Bark: 
its estimates of consumptive use. This method assumes & linear relation ae 
tween consumptive use and accumulated daily maximum temperatures above Am 
32° F during the growing season. 
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San Luis —_— Colo. 
San Luis Valley, Colo. 
San uis Valle 


Blaney-Rohwere 
Blaney-Rohwer¢ 
Tipton-Hart¢ 
Blaney-Morine 
Blaney-Israelsen¢ 
Blaney-Israelsen® A 
Blaney-Morin-Criddle® 
wry-Johnson¢ 
Lowry-Johnson¢ 
Lowry-Johnson¢ 


1919-1935 

Mesilla Valley, N. Mex 1936 
Carlsbad, N. Mex 1921- 1939 

_ Carlsbad, N. Mex 1940 
New Fork, Wyo 1939- 1940 
-Michigan- Illinois-Colo.. . ... 1938-1940 
_Uneompahgre, Colo. 1938-1940 


AE 


7 
52 
28 
73 
75 
51 
33 
59 
28 


1. 
2. 
2. 
2. 
2. 
2. 
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“Water: Utilization, per Rio Grande Basin,” be Harry F. Blaney, Paul Ewing, O. W. 
Carl Rohwer, and F re’ Scobey, National Resources Committee, Washin, ton, D. Part III, heben: 
ary, 1938. b* ‘Consumptive Water Use and Requirements: Report of the articipating Agencies, Pecos 
River,” by Harry F. Blaney, Paul A. Ewing, Karl V. ee and Wayne D. Criddle, Joint Investigation 
of the National Resources lanning Board, Washington, D. C., June, 1942. ¢ “Consumptive Use of Water 
Agriculture,” by Robert L. Lowry, Jr. ., and Arthur F, Johnson, Transactions, ASCE, Vol. 1942, 


In 1940, in connection with the Pecos River Joint parr 


ture, percent, of hours, length of growing season, , and ‘humidity was 
in the estimate. In 1945 this method was modified to make ossible 
_ estimates of ‘consumptive use for areas in which humidity records are not 
available. This method has been used by the SCs. and other agencies 


estimating rates of water consumption in many areas. 


%“Evaporation and Consumptive Use of Water Empirical Formulas,” by Harry F. Blaney and 
Karl V. Morin, Transactions, Part I, Am. Geophysical Union, August, 1942, p. 76. 


“A Method of Estimating Water Requirements in Irrigated Areas from Climatological Data,” nay 
L Harry F. Blaney and Wayne D. Criddle, Div. of Irrig. and Water Conservation, SCS, U. 8. Dept. of Agri. 


§ sconsumptive. use. are. not numerous. A few 
consump 
oy, 
— 
— 35| 400,000 | 664.900 
| 400,000 | 685,423 | | 
il 
g _ irrigated crops having access to an ample water sup 
— 
yr = 


ation or Watsr-Use, Data AND Ormer Dat 


DP ree ee Actual measurements of consumptive use under each of the physical and 


climatical conditions of any large area are expensive and time consuming. 

¢ ‘Therefore, some ‘rapid method of transferring the results of careful _measure- 
a ments, made in several areas, , to other areas of similar conditions is needed. 

sg The Division of Irrigation and Water Conservation, SCS, has developed - 
such a a method t to estimate rates of water 26 Briefly, | the pro- 


irrigation season. The coefficients: so for Gifferent crops are 
to translocate or transpose -consumptive-use data from one section to other 
areas in which climatological data alone are available. ih 


6.— Norma ConsuMPTIVE- Use COEFFICIENTS rom 


| 


VeceraTion® 

= Ample moisture available from ground water | or water table. 
areas and 0.90 for lake evaporation in coastal 


- numerous independent ¢ and related variables, records of temperatures and 
are far the most universally available data throughout the 


varies with the and the extent of hours, and with the 
available moisture (precipitation, irrigation, and ground water). By multiply- 4 


“Irrigation Practice and Consumptive Use of Water in Salinas Valley, California,” by Harry F. 
- ‘Blaney and Paul A. Ewing, Div. of Irrig. and Water Conservation, SCS, U. 8. Dept. of Agri., Angeles, , 


Data,” 


though it is soduisieiih that consumptive use of water is affected by a 


Dept._of 


— 
| 
— 
— 
| 
— 

— 
: 
r lake evaporation in arid [| 
| 
4 these elements, together with daylight, undoubtedly have the greatest in- a 
— 
F. Bi and Wayne D. Criddle, Div, of Irrig 


a8 an water supply is available. mathema 


ate in which Ui is the consumptive use of crop (or evaporation) i in inches for r any 


; ie period; F is the sum of the monthly consumptive-use factors for the period 
r (sum of the wer of mean eye temperature and monthly percentage of 


Consumptive Use Facto 


ELATION OF Use TO AND PERCENTAGE OF 1 


is which monthly temperature records are available. 


= (grown under normal conditions in the West) and natural vegetation me ee 


hown in in ‘Table (6. These coefficients were developed from actual ‘measure- 


ing the mean monthly temperature (t) by the monthly percentage of 
hours of the year (p), a monthly consumptive-use factor (f) is obtained. 
= 4a 
iia 
— 
(irrigation season or growing period); the oth previously 
— 
— 
- Then, by knowing the 
ve Tyc-use th) pin some locality, an estimate 
“4 a 4 _of the water use by the same crop in some other area mav be made bv ap . a . 
| 
— 


com 

outflow measurements made throughout the West over a of ‘years 
- the Division of Irrigation and Water Conservation and other agencies. These 
coefficients are based on the assumption that the plants or trees receive a full 


‘supply throughout the growing ‘season or frost-free period. Fig. 3 


—Montary PERCENTAGE or DayTIME Hours OF Tus 


neo 


Www 
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8 
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oe of consumptive-use rates in the Upper Colorado River Basin,? — 
by the above method, are shown in Table 8. 
_ The consumptive-use coefficients shown in Table 6 are suitable for average 
onditions j in the semiarid areas of the West. : Studies to develop cor TT n 


TABLE 8.—EstIMATES 0 oF Unrr Consumptive-Use Rates D 
IRRIGATION Pansop FOR IRRIGATED CROPS FOR SEVERAL 
Loca.itizs IN THE UPPER River Basin 


Eagle, Colorado....... 185 


Norma Rare or Consumptive Uss, in IncHEs 


. 


Pinedale, Wyoming......... 


= 


© Values used i in (ne formula U = KP are: Alfalfa, 0.85; pasture, 0.75; grain, 0.75; and corn, 0.75. _ 


factors for humid conditions in the eastern states ave Pues undertaken. aay 


is anticipated that evaporation, humidity, or solar radiation records can be 
"Bunshine Tables,” N 805, Bureau, U. 8. Dept. of aot, 2. C., 


33] 8.31] 830) 8 9.25 “3 
— 10.08] 10-21] 10:38] 1098 
June......... 8.38} 8.40) 8.41) 7.58] 7.51| 7.43 
6.72} 6.62) 6.49) 6. 5.86) 565 
November... .. 100.00} 100.00) 100.00} 100.00} 100 
— 
— i | 
Pasture | : 
— 


purpose > until measured ‘consumptive- -use data are af 


Basic solar radiation data are now available at / many mates throughout mo 


fF pt the consumptive-use studies conducted on the Pecos River in 1940, 
a method of determining unit consumptive use for various agricultural crops es 
4 from: irrigation and precipitation was developed.‘ ‘This 1 method has been 


 guecessfully employed i in several areas in California.?* i It consists of estimating 
_ evaporation and transpiration losses during the irrigation season and winter 


period | based on data of the number of irrigations depth of water applied, 


Precipitation may be a major factor in winter consumptive use. 
~~. field survey of conditions through the Pecos Valley area was made. ar 
OW ater superintendents of irrigation district and water companies, engineers, - 
county farm advisors, and farmers were interviewed to ascertain the quantity — 
of irrigation water supplied to various crops, both for the ‘growing season and wy 
oe winter period. "y ‘Precipitation, i irrigation, and other records were collected — 
and estimates made of the efficiency of irrigation for various crops in the = 
different areas. latter data were supplemented by water-application 
efficiency studies, made on typical farms by measuring the quantity of water 
_ applied and taking soil samples before and after irrigation. By this means it 
possible to determine the proportion of soil moisture ‘available for crop_ 
transpiration use within the root zone. These data were analyzed ‘and the 
_ unit rate of water consumption for each crop computed. The total consump- — 
_ tive use in acre-feet may be computed by anltiadadiies unit values of f consump 
tive use for « each crop by its 


This paper serves as an introduction to several others on this same general 
and should provide the -Mecessary 
understanding of the specialized phases of the field. 


**“Consumptive Use in the Rio Grande Basin,” ‘By Robert L. Lowry, Transactions, ASCE, Vol. ll 
_ #®“Consumptive Use of Water by Forest and Range Vegetation,” by L. R. Rich, ibid., Pp. ,. 974. 
ii ‘Consumptive Use of Water on Irrigated Land,” by Wayne D. Criddle, ibid., p.991. 

* “Consumptive ‘Use in in Municipal | and ] Industrial Areas,” by George B. ibid., P. 
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GREAVES on USE 


Hancreaves, A. M. ASCE. long needed stimulus for 


additional research in irrigation r -Tequirements: has provided by Mr. 
Hine - Not only is this a matter of importance in the United States but 
also i in the irrigated areas of the world. : Engineers everywhere need a ae 
understanding of this problem in order that the benefits of irrigation may be ‘ oo. 
ee by: the prevention of waste. _In Latin America a sound technical = 
basis must be provided for substituting a beneficial use criterion for the rule | 4 
= liter per second per | hectare. wie An example of the need for irrigation v 
_ requirement data can be had from the irrigated areas near Lima and Piura in 4 a 
Peru. Both areas depend ment entirely on irrigation, the mean annual 
ur aa ainfall being 1.4 in. and 3.5 in., respectively. During a 12-month growing 
evaporation at Piura av erages 4.4timesthat at Lima. = 
= in the tropics is becoming increasingly important. Monthly — 
 — requirement data based on monthly consumption use factors, as 
— suggested by Mr. Blaney, or on the transfer of monthly consumptive-use data 
oo making use of evaporation data, are needed to determine the needs for irrigation a 
and probable crop benefits. At Aux Cayes, Haiti, with a mean annual rainfall © 
83 in in., the need for irrigation is is not generally Tecognized. However, this 
area hes a definite 4-month to 5-month dry season and, based on . estimated | a 
requirements, moisture deficiencies occur one third of the 


Bas ont or oftener except during May, , August, and October it in the rainy season. e- 
Use of Evaporation Data. —Very briefly Mr. Blaney mentions the use of 
.. 4 evaporation in estimating evapo- -transpiration. More space in the diated: 4 
_ should be given this approach and its use should be more widely encouraged. & 
_ Assuming comparable conditions of stage of growth, leaf surface area, and 


= irrigated practice, the water requirement of a crop is closely proportional to. - 


Bes evaporation from a water surface during the growing season. This relationship LS P ; 


Ba is not constant month by n month h throughout the growing season as transpiratio 
oan increases proportionally with i increasing leaf ‘surface : area. _ However, if irriga 
tion requirements at comparable stages of growth are related to evaporation, — 
= this fact forms the most practical means of transferring irrigation requirements - 
and consumptive-use data from one area to another. 
Use of Emperical Formulas.—By using Eq. 1 and substituting 
in place of consumptive use, u Values of of km were computed henge on tempera- 
. A ture, humidity, and Piche evaporometer records in Peru. Average values of 
a km = e/c were computed for the growing season at several stations. At in 
the computed annual K, for the Piche evaporometer is 0.015. whereas at Piura, 7 = 


the computed K.is0.036. Ineach case values of km were fairly constant throug 

out the 12-month growing season. From this it would appear that use =e 
> 1 is limited both by the lack of available relative humidity data and the 
difficulties involved in choosing suitable k m-values. Evaporation records rom 


the Weather Bureau type pans are available for stations, particularly 


— 
— 
| 
4 
= 
4 
i 
— 
gq 


— 


These can “used for the = kj j 


substituting ‘evaporation, e, in place of the consumptive use. Then k = e/f. 
Values of k were computed for the growing season at 
stations. It was found that these values fell into natural classifications— y ; 

4 @ coastal plain, uplands and mountains, Central Valley, and desert. These 


values of k are given in Table 9. For the climatic zones in California k-values’ 

; TABLE 9 — VALUES OF k FroM THE ForMvLA k = e/f or Ratio OF 
EVAPORATION OF ConsUMPTIVE- | ‘Factor 


Entire state eee 


Plain 


Now 


Port-au- Prince. . 


w 

J 

~ 


ao 


= 


o 


© 
| 
. 
winds 


¥ 


is 


‘the month of the growing season. evaporation is 
with consumptive use in Eq. 5 then evaporation must vary directly as the 
monthly consumptive use of factor, data presented i in . Table 9 show 
be that this assumption, although useful as an index of irrigation requirements, = 4 
Conclusions. —Based on the Piche evaporometet records, the monthly use 
4 ‘index (ce being the climatic factor) was found to correlate well with evaporation — aes 
B at a given location. This relationship varies with the location of the station _ eo 
‘probably because of other unmeasured climatic factors, indicating that the nes 
application o of Eq. 1 to irrigation problems will be difficult. study of 
a evaporation records from the Weather Bureau type pans indicates that the : = 
monthly consumptive-use factor, f, does not (as assumed by Mr. Blaney) a a 
_ directly with evaporation and consumptive use. However, from the California — sj 
» data, average month-by-month coefficients based on the ratio of evaporation to — 
- - consumptive-use factors can | be computed for a given climatic zone such as the 
- eonatal plain or the desert. . These coefficients should provide a use 
transferring irrigation requirement and consumptive-use data when evapora- 
2 tion data are not available. Month-by-month coefficients will provide data 
for canal capacity design and the analysis of irrigation requirements and _ 
= in tropical areas where, under. conditions of high annual rainfall, the © xt 
‘month-by-month distribution of available moisture is one of of the principal he: 


factors limiting agriculture production. == 


“Evaporation from Water in California, Basic Data,"’ by Arthur A. Young, Bulletin No. 
California State Div. of Water Res to, Calif., 1948. 


Location or area | Jan. | Feb. | Mar. | Apr. | May | June) Suly | Aug. | Sept. | | Oct. Nov. Dec. 
"ae Paramonga............| 0.81 046 
iver 
| ae i bi Oromever rem ich are believed to give 
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> 
of 5 
a 
> 
1 
=a 


W. Donnan, A. M. ASCE. —Throughout ‘United Staten 


are faced with the ‘paradox of expanding water use and dwindling 
supplies. _ The conservation, preservation, and beneficial use of these water q 


oa supplies is a challenging problem that can be solved only by careful analysis. 
pos Of particular interest to the writer is the section dealing with the evaluation — 
of consumptive use by “Correlation oe ‘Water Use, Climatological Data and © 
: ke Other Data.” During the course of an investigation (reported in 1952"), ig 
the Division ‘of Irrigation Engineering and Water Conservation was ca called q 
ss upon to determine the annual consumptive use of water in the Los Angeles 


West Coast Basin for 20-year previous period. These data were needed 


Jong. term mean n supply. By securing | “Weather Bureau data on 
tes temperatures, precipitation, and evaporation in the West Coast Basin 7 
Tos Angeles County, it was possible to make valid es estimates of wa water con i 

sumption using the Blaney-Criddle method.?” making these estimates, q 

the jong-term mean unit consumptive use was computed for each > 
classification. _ These unit values were then modified by the temperature | and 
precipitation occurring in each individual year. resultant consumptive-use 
- ene values were applied to land-use acreages for the individual years of the study. 
- _ When applied to the inflow-outflow equations of the e hydrologic bal balance for 
, 4 the basin, these data made it possible to determine the degree of overdraft on 4 
‘The question may arise in the minds of some , readers as to whether a 
determination of unit consumptive | use by the correlation | method gives: valid 
estimates. In an investigation” of irrigation and drainage problems in the 
San Fernando V alley in cooperation with the city engineer of Los Angeles, 
the writer and others had a chance to check on the validity of these estimates. 
San Fernando Valley comprises about: two fifths the area of the City of 

08 Angeles. Since roughly one fourth of its 130,000 acres is still used for 

griculture, it presents | a@ unique combination of urban and rural land u use. ¥ 
The valley is an enclosed basin with a 400-sq-mile watershed draining to the 

valley from surrounding» foothills and “mountains and with a confined outlet 


i at the Dayton Avenue narrows. . In making an analysis of input-outflow - 


| 


+ _ The precipitation on the basin i is measured at about forty different locations. 4 
All importations to the basin are carefully m metered. exported =| 
is sold through domestic meters. Sewage out of the is metered. The 
surface outflow at the Dayton Avenue gaging station is ‘measured accurately. 
- _ A small amount of subsurface outflow was accounted for. Because there are 
about one one hundred and 1 fifty observation wells in the valley | floor, an 
ground-water ec contour map could be drawn for each year and yearly changes: q 


Engr., scs Research, U. Dept. of Los Angeles, Calif. 


8 West Coast Basin Reference, Draft of Report by Referee,” by Dept. of Public Works, State of 
California, Referee, acting through the State Engr., Sacramento, Calif, Pobruncy, 1068... 


-_47Ground Water and Draienee, rT. in San Fernando Valley, Los Angeles, California,” 
y William W. Donnan, G. Ma: itz, and V. 8. Aronovici, Div. of Irrig. Eng. and Water Conservation, Sy : 
. 8. Dept. Agri., Los Callt., 1950 
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consumptive use. This was computed for each individual land- use 
and modified by yearly temperatures and precipitation. The hydrologic 


balance, equating input (consisting of precipitation and imports) to outflow eee. : 


(consisting of surface and subsurface runoff, exports, sewage, consumptive use, ans 
and plus or minus : change i in underground storage) came within 1.6% of checking ‘ 
eae Harry F. Buanzy,* M. ASCE.—The discussion by Mr. Hargreaves calle me 
attention to the world-wide expansion of irrigated areas’ resulting from the or 
program of the United States. The writer has received requests for 
more details on procedure in computing consumptive use from Austria, Brazil, 
i. Egypt, Greece, India, and Mexico. Eq. 5 is being widely used. . For humid 
= areas the seasonal coefficient K shown in Table 6 should be reduced by about — 
ie 10%. Table 10 illustrates the computations necessary to determine monthly Ps co 


TABLE 10.—Compvurtep JN ORMAL ‘TABLE Con- 


COoNsUMPTIVE Use oF WATER SUMPTIVE- UsE Conrricrents: 


SALINAS An 


Alfalfa® 


| 


on Developed from data observed in the State _ 
of California. * Harry F. Blaney and Orson W. 


bk = monthly coefficient. ¢u = kf = monthly con- Israelsen. * Harry F. Blaney and G. Marvin Lit: Litz. 
Sumptive use, _ | Harry F. Blaney and Paul A. Ewing. 
In th paper the writer did not assume (as indicated by Mr. Hargreaves) 


“that the monthly consumptive- use factor f in Eq. 5 varies directly with evapora- 


tion and consumptive use. _ Coefficient K in Table 6 are ‘seasonal values. oe 


When monthly values of k are available, the writer has recommended in other 5s es ts 
publications’. that they beused. Also, Fig. 2 and Table 4 indicate that the 


monthly value of k may y vary. Monthly ‘cocflicients developed by the writer, 
based on “measured u’-values and t reported 


8 Prin. Irrig. Engr., ., Div. of Irrig. Eng. and Water Conservation, SCS, Research, U.S. Dept. of Agri., * s 
-_% “Irrigation Principles and Practices,” by Orson W. Israelsen, John Wiley & Sons, Inc., New York, 
i ae "808, U. B. De Use of Water in California,” by Harry F. Blaney and G. Marvin Litz, Div. of Irrig. 


Dept. of Agri., Los Angeles, Calif., 1952 (unpublished). A: 
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_ (Tables 10 | temper- h fi- | Products  |Cotton-| 
rof 770 | 860| 662 | 0 go | 0.46 | 042 | ... | 111 | 0.89 
80.2 | 9.29] 7.45 | 0.52 | 0.55 | ... | 1.24 
for 753 | 0 0.52 | 0.94 | 044] 127 [116 
se. | 833 | 939] 782 | 0 0.57 | 0.90 | 0.55 | 149 
ise. | 0.61 | 0.65 | 0.94 | 148 [1.16 
the September..| 79.9 | 831 | 0.61 | 0.48 | 0.04 | 1.45 | 1-16 
j 
the 


 greaves in Table 9, have been presented by the in ‘on Salinas 
in Table 9 are useful in estimating monthly consumptive use, aaa. 
-_phreatophytes such as alfalfa, willows, tules, and salt cedar. . Howev er, 
me, Li os writer has observed that monthly evaporation may not indicate the relative 


ieee monthly evapo-transpiration for some agricultural crops such as citrus. The 2 

=O coefficients shown in Table 9 for evaporation from Weather Bureau pans are = - 

useful in estimating evaporation from reservoirs when reduced to evaporation 

from large water surfaces by a correction factor varying from 0.65 to 0. Ss 4 

f However, some physicists have questioned their value as well as the reliability — 

7 Piche evaporomenter measurements for estimating evaporation from from reser- 

__‘Mr. Donnan’s reference to the Los Angeles West Coast Basin study illus- 


trates the value of | consumptive-use data in the adjudication of water rights. je 
12.— EXAMPLE OF COMPUTATIONS OF SEASONAL Consumprive- 
IRRIGATION REQUIREMENTS FoR CROPS IN 


3 


Explanation of Column Headings— 45,14, tue 


Col. 3. F = Sum of monthly consumptive-use factors (f) for the growing or irrigation season. ot 
4. K = Empirical consumptive-use coefficient determined experimentally. 
U = KF = Consumptive use for growing or irrigation season in inches. +5) 
. = Sum of monthly oe ipitation for growing or irrigation season, in inches. 
ci 


= Field irrigation efficiency (percentage). 
= Irrigation requirement at head of the field, in inches. — base, ped Pio 
Growing season 


a Factor | Coef. 


May 6 to October6 | 31.12 

May 6 to October 6....} 31.12 

May 6 to September 6 | 26.21 

May 6 to August 6 7 19.83 

May 6 to October6 31.12 
- Beeped land May 6 to October 6 om 31.12 
_ natural vegetation May 6 to October 6. 31.12 


heather example is the estimate of rates of water consumption aa the | 
Divison of Irrigation and Water Conservation in 1947-1948 in each of the 
states of Arizona, Colorado, New Mexico, Utah, and Wyoming at the meanest: va 
of the Upper Colorado River Basin Compact Commission.* Some ofthe results 
are shown in Table 8. A report was completed in 1948 and several months y 
i" * later a compact allocating a percentage of water to each state, based primarily 
on consumptive use, was agreed upon by the states and approved by Congress rs . 
Summary. -—One of the major uses of basic consumptive-use data shown i in 


‘Tables 2, 4, and 8 is in estimating the water requirement of existing or peseeend ie 


— 
Blaney and Paul A. Ewing”) are shown in Table 11__ Monthly evaporati a 
| 
. 
— @ 
— 

il 
— 
| 0.75 | 19.66 | 16.02 | 65 | 24.6 us 
0.75 1487 | 1255] 65 }193 
0.65 | 20.23] 15.51| 70 |222 
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irrigation projects and in determining the quantity of water required for 
"production on individual farms. The water required for irrigation is dependent pis x 

& not only on consumptive use but also on the irrigation efficiency and usable | 
summer precipitation. _ In some farm-planning programs it is necessary to * 
; | ae irrigation | requirements of each crop at the point 0 of water delivery t¢ to 
the field. This may be accomplished by dividing consumptive use minus oe . 
precipitation by field irrigation efficiency, as shown in Table 12. By makingan 
_ allowance for farm-lateral loss from the farm headgate to the field, the — 


a of water that ‘should be delivered to the farm headgate may be estimated. | 7 


_ The writer acknowledges the assistance rendered by George Dew ey Clyde, + a 
M ASCE, chief of the Division of Irrigation Engineering and Water Con-- 
serv ervation, scs, USDA, in the preparation of this paper. helpful 
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QRANBACTIONS 


FOREST AND ‘RANGE VEGETATION 


af 
M. J. Younorsky, 


the irrigation econo 
(7# a the residual precipitation or that left over after watershed requirements ian 
ce been met. a Consumptive use of water by forest and Tange vi vegetation depends a 
on the distribution and occurrence of precipitation, the ‘amount of water a 
oe by the soil, and the character and type of the vegetation. pee 


natural rainfall’ conditions, use of water ¢ can be deter- 


workability of this method. Data are also presented that show the 


consumptive use of vegetation grown under natural rainfall conditions in 


open-top metal containers at El. 2600 and El. 5100. Consumptive-use data Ms 

_ obtained from watersheds varying from desert grassland-chaparral vegetation ud 

at El. 3800 (16.22 in. precipitation) to pine-fir forest vegetation from El. 6500 
Ci, to El. 8000 (34.19 in. precipitation) have followed a similar pattern, 

from measured a areas have shown small differences in consumptive 

between those kept bare of vegetation those in various types of vegeta- 


ei tion, and no significant differences in consumptive use between a watershed — 


in good and poor grass cover. . The major problem is not whether watersheds ‘ a 


ie kept bare of vegetation would y yield ‘most water, but to determine the type sy 
a vegetation that interferes least with water yield and still controls erosion and 
sediment. In the Southwest, ‘grasses appear to interfere least with water 


 Norte.—Published in October, 1951, as Proceedings-Separate No. 90. Positions and om are 
those in effect when the paper or discussion was received for publication. 2g t—t*~S va 


Hydrologist, Southwestern Forest ond Station, Tucson, , Ariz. 
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‘ $a; -Consumptive use of water by forest and range vegetation is important to 

me the irrigation economy of the West. ol The water available as stream flow for oat 
; ion and riparian areas is the residual appre or that remaining = 


-Conpitions Tat INFLUENCE ConsumpTivE UsE 


he sone to irrigated areas and other areas that receive unlimited or Ris 
water, the only water available to forest | range vegetation 
on the watersheds is the natural precipitation. Consumptive use is therefore 


in the soil after periods of abundant ealaitelion: _ An unlimited water aa 
is seldom available to forest and range vegetation during the entire year. ‘ee Sa 
a exceptions to this condition may be riparian vegetation along perennial vibe as 
and wet meadows, or other limited areas at higher elevations, such as 
| = areas in eastern New Mexico, where ‘precipitation i is high, where evapo-trans- _ 
a piration losses are low, | and where rainfall distribution approaches potential = 
po-transpiration. The wide ide variations in in the vaterhed conditions data at at hand 


from almost 100% of the yearly total on the Pacific Coast to less than 20% fs 
in eastern New Mexico. In the northern part of the United States winter q 
- precipitation occurs as snow, whereas in the Southwest it is a combination of ei 
a rain and snow, depending on winter temperatures that may vary widely steal - as 
At a particular: there are variations in both the amount and 
4g distribution of annual precipitation that affect consumptive use and require 
J data from long periods of measurement t to determine averages. In the South 
particularly, hydrologic data and the ‘complex ‘relation ship between 
and the physical environment unfold slowly because of the low precip- 
- itation, infrequent periods of heavy precipitation, long and frequent droughts, — eas 
es and wide variations in these factors from year to year. There is danger i" 
; averages in any study relating to water use, water yields, and climate. : 
+: central Arizona, the highest ‘consumptive u use and ‘more than half of ‘he. 
total water yield were recorded in one winter (1940-1941). . On the other hand, 
the highest summer consumptive use and more than half of the total summer cnet 
water yield resulted from o one storm (September 17 to- 19, 1946). 
of ——Consumptive use does not with 
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ie accounts for most of the first 10 in. | to 15 in. of possipitation, leaving only a 


60 
Parker Creek 700 Acres = 
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sumptive Use 28.5 LIN 


Maximum Year 1940-41 


h of Runoff, in Inches 
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Consumptive Use 48.1 In-81.07%, 
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a 
Water Yield 


Annual Rainfall, in inches 
Fic. 1.—Consumptive Use anp Water ror Sierra ANCHA, Arizona, 


‘relatively small amount available for stream flow. . Wit ith higher precipitation, — 


_ there is an increasingly lower percentage of consum mptive use and a resulting ~ iG 

ie _ Potential consumptive use (the amount of water an area would use if an -.. 
= adequate supply were available during the entire year) was not satisfied even s 

in 1940-1941 (the wettest year since 1905) when precipitation was over 200% : 
_ ofaverage. During the period of record there has not been a year of s sufficiently — . 

es high annual rainfall to locate the point where the yield line parallels the 100% , 

datum line in Fig. 1. This is the point at which the consumptive. use becomes f[ 
constant and the difference is yielded as stream flow. Consumptive use has 

been 27 in. on “Natural Drainages” (El. 4555 to El. 4900), 28 in. on ier 

Cre ek (El. 5500 to El. Tae), and 48 in. on Wo orkman Creek (El. 6500 to El. 


woe 


consumptive use and stream flow take place during wet years. This is exempli- 
fied bv rainfall. runoff. and consumptive-use data from three watersheds at 
— 
my 
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8000), all i in central All totals are than annual 
rainfall, thus pointing out the limitations of averages. ol dlaytetai- 
a Variations : in Watershed Conditions. — Watershed conditions that influence a 

_ consumptive use are also subject to wide variation. The term watershed 
condition as used in this paper refers to topography, depth of soil, vegetation, bh 

; “and slope of the area. . Some watersheds are flat, with deep s soils that retain | 
_ water from periods of excess precipitation for use during periods of Gillies “Se 
q precipitation. Other watersheds are steep, the soils are shallow, there are > ‘a 
large areas of exposed bedrock , the drain-out is rapid, and comparatively little — oe 
a moisture is held in the soil. Different types and densities of vegetation grow 15 Jas & 
- on watersheds, and the use of moisture varies with the species of plants and vise ae 
their relative abundance. ‘For example, winter annuals grow and | use water 
a during the winter, evergreen shrubs use some water throughout the year, oe 
but water use by grasses is largely limited to the summer growing season. ie 
oe W ‘ith th different densities of vegetation there nan cient ratios of transpiration a 

from and evaporation from bare soil. 


PorEeNTIAL Use 


mrad 


Many studies have been: made of water use by \ alhiweted crops and a asso- 


ciated native vegetation®*-* and by trees.** The results all confirm the great 
amount ¢ of water required to produce one unit of dry vegetation matter. bite. ¢ 


Actual consumptive us use is less than potential consumptive us use over most — gan 

_ forest and range watersheds in the Southwest because of deficient rainfall and ee 

‘Tainfall: distribution that differs from use requirements of the pla ts. This BE 

difference can be shown bya comparison of annual rainfall with transpiration a 


er 


year 
inches... 13.46 | 18. 10. 25.80 


. % losses at Sierra Ancha (El. 5100) with an unlimited water supply, three ever- 
green chaparral species, point-leaf manzanita. (Arctostaphylos pungens), shrub 
live oak (Quercus turbinella), and desert ceanothus (Ceanothus greggi) were 


ot “The Water Requirement of Plants. II,” by L. J. Briggs and H. L. Shantz, Bulletin No. 285, Bureau 
Jah * “Relative Water Requirement of Plants,” by Lyman J. Briggs and H. L. Shantz, Journal of Agricul- 
tural Research, U. 8. Dept. of Agri., Vol. 3, 1914, om 
4“The Water Requirement of Plants at Akron, Colo.,"’ by H. L. Shantz and Lydia N. 
Journal of Agricultural Research, U. 8S. Dept. of Agri., Vol. 34, .1927, pp. 1093-1190. 
on “Water Utilization by Trees, with Special Reference to the Economic Forest Species of the North E 
Temperate Zone,”’ by Oran Raber, Miscellaneous Publication No. 257, U. 8. Dept. of Agri., 1937. 
*“Transpiration by Forest Trees,"’ by Robert E. Horton, Monthly Weather Review, 8. 
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grown in sealed- top metal containers. W was added at weekly or biweekly 
intervals to maintain: the supply at optimum field- capacity. The 
Tesults are summarized: in Table 1, and monthly with average 
ion for area are e shown i in 2. agate wr ‘iit 


dive vate Bid ‘| 


tae 


Water 
Deficit 
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Month 

Fig, 2.—Water Use Water For SIERRA Ancua 
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_ The average ‘consumptive u use of 53.89 in. was as almost 
the precipitation. It. amounted to nearly 73% of the 
uae Results of this study show that enormous quantities of water will be transpired — " 


re a by plants in the chaparral zone when unlimited supplies are made available. bo 
‘These data ‘may be applicable to riparian’ Vegetation along perennial 


_ streams that have unlimited amounts of water available for use. However, 


bo st 
4 
“B 
< 
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except for relative comparisons, these data point out the limitations of sealed- 
op containers i in studying consumptive ‘use of native ‘vegetation on n the well- Yo 
rained that the greater of watershed areas in the 
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le Vear Of measurements totale and evapora- 
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curves are temperature and monthly rainfall for 
and temperature for transpiration. Mr. Meyer points out, however, that avail- 

_ ability of water can be a factor in both evaporation and transpiration. — — 

- oration from soil areas® is usually less than from a free water surface, and the i 
difference i in the quantity of increases as soil becomes drier. 


_ growing season are sufficiently prolonged, available moisture may be used - < 


regardless of the size, kind, or density of the vegetation. 


is above the wilting points of the vegetation. - If rainless periods during ~<a 


ince forest and) range vegetation does not have an unlimited ined supply, 
a8 a | methodt® that appears suited to determining consumptive use under natural — 


q of fividing the year into four periods and then considering 


_is given in Fig. 2. ” The cycle star starts at the point where the potential evapo- 
transpiration curve crosses the pr precipitation curve (in the fall of the year) 
‘becomes: less than the rainfall. For a period thi that ‘depends: on both the 
amount of precipitation and depth and storage capacity of the soil, the surplus fede 
precipitation is satisfying the soil moisture deficit. The second period begins 
“when the soil moisture reaches field capacity and the surplus water i is | yielded a: as ak 
stream flow. The third period begins when the potential evapo-transpiration — - et 


crosses ther and continues until the soil moisture is 


proportion of the rainfall diagram that falls under the Potential use curve: 


‘reflects | the influence of climate. In general, when the precipitation pattern 


is similar t to the use curve, consumptive use is , highest. _ In winter, use is low, 
and high p precipitation results in water available for stream flow. ‘The influence 


of watershed conditions is reflected i in n the ¢ amount of water held i in -, 
the period of soil moisture | recharge. re general, deep soils on gently 
watersheds hold more water than shallow soils on areas. 


N.Y., 1928. Hydra 


‘Forest Infiuences,’’ by Book Co., Inc., New York, N. 


1¢“An Approach Toward a Rational Classification of Climate, " by C. W. Thornthwaite, The Aa ae 
ome Renew, Vol. XXXVITI, 1948, PP 55-04. 
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«little use in determining consumptive use.” A. F. Meyer, M. ASCE,* has 
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| _ These periods are: (a) Soil moisture recharge; (b) water surplus; (c) soil moisty — 
utilization: and (d) ater deficit _A generalized cranh showing these neriands 
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are CONSUMPTIVE USE 


 Water-use_ data from plants grown in open-top metal containers and the a 
water-yield data from large natural lysimeters were combined to t test the 


ro BIRO water-use study in the chaparral zone was conducted in the Sierra 
al Ancha Experimental Forest at El. 5100. Annual precipitation in this zone 
a averages about 25 in. , of which two ‘thirds falls in the winter (October through . 
ou May) and one third in the summer (June through September). Evaporation 
ots from a United States Weather Bureau evaporimeter was about 72 in. annually, 5 


pec and the s soil was a residual silty clay loam derived from quartzite. Plants — 


- were transplanted i in their original soil cores without disturbance to mirage 


the plants under. natural conditions. The open-top | metal containers were 

buried in ground so. 30 that approximately normal soil temperatures would 

tos prevail, and percolation water was drained at the bottom of the cans. © Con- a 
sumptive use was determined by weekly weighings. Containers: of bare soil 


without plants : served as checks for measurement of consumptive use (evapora- 
~ tion) by bare soil. During long dry periods it was necessary to add water — 

to keep the plants functioning normally i in their confined space, where 

could not draw on n moisture from deeper soil layers. The data derived from 

‘this test are shown in Fig. 3 and Table 2. Consumptive use varied during the 
ae _ year. Summer use depended on the amount of water available through rainfall, — 
ele and winter use depended on ‘growing conditions . Evaporation was the factor 
that ‘most nearly described use conditions : during the winter period. ab Estimat- 


Soil 
Utilization 


Feb. fier. May July Sept. «Oct. Wow, Dec Jan. 
—Consumprive Use anp Water YIELD FROM AN UNTREATED 


Lysmerer at Srerra ANCHA Fonser. ARIZONA 


aie ing equations were developed from the actual siitentie of water used by plants” “i 
“ by relating the summer use to rainfall and by relating the winter use to a 


‘oration. Other variables, such as temperature, humidity, and wind movement, 
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from these and is shown in Col. 4, Table 2. 
-Water-yield data (Cols. 6 and 7, Table 2) are from the untreated Base ; 


Rock lysimeter located at Sierra Ancha Forest. ‘This. lysimeter 


TABLE 2.—EsTIMATED DisTRIBUTION OF 


BY THE UNTREATED Base Rock LySIMETER at Sterna ANCHA 
EXPERIMENTAL Forest, Arizona, 1935-1948 Incues) 

if 


‘pales and evaporation for the winter period, the ) estimated use was derived oe 


‘| average | | Batic. 


j 


1.04 4 


ceo 
Com 


oo 


Jun 0.24 | 10.64 
| 10.27 

8.61 

764 


Annual Total 72.61 or | 5. 


deep, overlying impervious quartzite bedrock, is used for measurements 


j _ shows no lines of demarcation or leaching between ‘soil horizons. 4 ‘The entire — 
profile contains partially disintegrated quartzite rock fragments from: which Ae 
q _ the soils were derived, is noncalcareous, has a pH of about 6.3, and contains a Pi 
high percentage of fine silt and clay in the subsoil. # Vegetation cover is com- veo 
posed of the species characteristic of the semidesert grassland. The present 
density i is about 30%. The elevation be the test site is 4,500 ft. 
er and 5.73 in. in summer). ~ Evaporation, a as ie 
‘determined by a United States Weather Bureau evaporimeter, was 72.61 in. he 

_ annually, and the water yield has averaged 1.79 in. or 10% of the precipitation. a 


— 

— 

— 
Qetober.....] 104 | 5.54 [o, | 103 

1 December. ..| 2.50 2.21 «|: «(0.67 | «(0.80 
1:58 | 1:89 | 0.57 | 1.01_ | 089 | 250 | O57 | O62 
February....} 2.30 0.75 | 1.55 0.42 3.62 0.75 032 8 
2:13 | 433 | 137 | 0.76 400 | 137 
050 | 290 | =| | O19 | 200 | 7.48 — 

| 
0.03 | O o | 145) 793 
205 | | 003 | oo1 | | 207 | 1006 
| o =| 006 | o14 | OF | 173 | 672 
total 73 wie | 595 |o | o12 | o15 | | 5.65 | 33.30 
— 
its — 
— 
ot, 
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flow. Consumptive use (Col. 9, Table 2) 16. 13 in, 
annually or 90% of the precipitation (10.48 in. of the winter precipitation and 
65 in. of the summer The estimated use (Col. 4) is 17.07 in. or 


Average rainfall is less than use the first part of the pr 
(0.74 i in. of the deficit i is incurred in the first part of October, before the precip- " : 
itation exceeds the e consumptive use. The remaining 0.20 in. is the surface 
runoff that results from storm intensity and surface soil conditions rather | 
than total water supply. The estimated potential consumptive use by = 


tion grown in sealed- -top containers is 53. 89 in. hb 


March precipitation is high, and evaporation the soil 
- from plants are low. _ During this period precipitation exceeds consumptive — 


, use, the soil fills with water, and surplus water is yielded as stream flow. Be: 
On the average, , there i ‘is 9 9.9 in. of precipitation during the 5-month period, 


which 4.4 in. goes to consumptive | use (evapo-transpiration), 4.0 in. is held in the a 
soil, and 1.5 in. is yielded as stream flow, mainly t through percolation. “This 
7 a The moisture held in the soil reservoir is used during the spring dry period. | 
ni The effect of depth and type of soil on consumptive use is illustrated by the _ 
datain Table 2. A deeper soil or a sojl with a higher moisture-holding 


could easily retain, for use during the spring and early | summer ' drought, the 


 painfall that was yielded as stream flow. A shallower soil or one with less ay ‘ 
total soil moisture-holding capacity should retain less water for use during s. : 


‘spring drought an and allow a a higher water yield. _ The water yield from summer a 


was” largely due to ‘surface from thunderstorms, when 
rainfall intensities exceeded the infiltration capacity of the soil, and also from > 
rare are type late summer storm « of me total quantity | and long duration. a : 


own in 


Consumptive-use data (the difference between precipitation and water 
yield) from the Sierra Ancha Experimental Forest are available from transpira- s 
tion studies at El. il. 2500 and El. 5100 0 (Table 3), and from watersheds that are o, 
typical: of the semidesert grassland, , chaparral, , ponderosa p pine, ne, and pine-fir_ 

j forest vegetation types from El. 3800 to nearly El. 8000 (Table 4). Rainfall s 

os at these stations is greater than that at corresponding elevations in most of “i 

me arid r regions of the West, and the concentration of precipitation in winter — r 

‘ af probably results in lower | consumptive use and higher water yield. All water- 
s sheds studied except those at Summit, _Ariz., are underlain by nearly level — 
beds. thre quartzite. Measuring weirs are mee into this bedrock, 
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rsheds are in the granit 


different watersheds and average maximum and minimum years 
suggest that little credence should be given to 1 figures on consumptive use by 
forest and range “vegetation unless climatic and watershed conditions 
considered. El. 2500 when there was 26.33 in. annual rainfall 
use was 89% of the rainfall as determined by cans of bare soil, (92% as 


as 


"determined by grasses sand 98% of the rainfall as determined by winter annuals. — 
kh all cases, consumptive use in summer was 100% of the rainfall. -.. El. a 
5100, with 30.32 in. of precipitation annually, consumptive-use values | were 
78% of the rainfall for bare soil, 81% for r grasses, and 84% of the rainfall for 

_ shrubs. At Base Rock lysimeters, El. 4500, in semidesert grassland cover 

~ (annual rainfall of 17. 92 in.), eyeing use e averaged 907% of the ‘rainfall, ae 
varies 


‘Relatively little additional water was used by vegetation. 
Data, from watersheds have followed a similar pattern. Consumptive 
‘at Summit watersheds (El. with grassland-chaparral 


Condition mil 
Year Con- 
mensured a4 sumptive U 


 |(@inehes)} use use 
(inches) of rele (inches) 


14.41 

14.41 

14.41 

14.41 

joody legumes. 14.41 
inter annuals. 14.41 


18.16 | 9.36 
14.18 | 8.63, 
17:36 | 12.55, 


20.49 
18.99 
22.48 


q 


wee =T 

-o 


18.16 
14.18 
17.36 


vegetation has averaged 96.8% of the rainfall for nine small watersheds, but — 
; from 94 to 98% on these adjacent watersheds, Precipitation for a 
period averaged 16.78 i in, The four Natural Drainages are adjacent watersheds 


seepage, the runoff type soil, and measuring 
yield. Summit wate 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
(inches) 
— 
| | | intr | | 308 | 3437 | 92 
12.10 | 33 1s iz 
13.40 | 93 | 11.92 = 25.34 | 96 
13.26 | 92 | 11.92] 12: 101 | 26.33 | 2482 | 94 
18.77 | 96 | 11.92 | 11.98 he 
a 
1936 0.36 | 130 | 22.14 
(1: 1936 | 18.16 | 12.79 6 7.88 | 99 | 22.14 
el 
4 — 
— 


"Watershed D 


1s varied from 20%, to 95% of the rainfall . The i. 

(varying from 26 to 55% of their a are composed of diabase-derived soil, q 
Whereas the soil on the lower pats is derived from quartzite. The areas with 


TABLE 4.—ConsumptivE Use or WATER BY Forest AND RANGE 


VEGETATION, SIERRA EXPERIMENTAL Forest dn 


WINTER Hele * vid! ‘SuMMER Year a 


sump- Use per- 
tive: 


centage 
use of rain 


| of rain 


(inches)| 


(low use) 11.16 10. 71 J 16.70 
q 
Watershed Number 6 


5. 55 | 98 | 16. 98 
em. vat 5.65 | 5.5 16.96 | 16.58 | 
Average of 13 years 12.19 | 10.48 | 86° 73 | 5. 99 | 17.92 | 1613 | 90° 
Maximum year 1940-41 | 29.68 y | 8 . uy 35.35 | 26.27 dl ae 
Minimum year 1938-39 92 | 7. 11.80 | 11.07 | 94 


Daanacs 


14.37 | 12.82 89 

14.37 | 13.40 zy 93 


iprotected) 14.87 | 07 


14.87 | 12.82 | 707 


Average of 15 years _ 12.55 | 67 | 936] 9.09 | 97 | 28.05 ‘Qae 
, year 1940-41 ‘3 21.89 | 51 | 6.78 6.63 49.81 
year 19 8 | 12.37 4.90 17.27 | is. 58 


Average of 10 years 23.47 | 20.40 i 10.72 97 «| 34.19 30.77 
Maximum year 1940-41 | 52.01 | 41.32 | 79 | 7.41 i —-92~=«|s«59.42 | 48.11 
year 1947-48 15.78 14.69 98 | 24.91 23.66 


and 1.05 acres of grassland-chaparral at El. > Semidesert grassland at El. 4500. «9 
18 acres of mixed grassland-chapparral at El. 4500-4900. ah acres of ponderosa pine-chaparral at 


the highest percentage of diabase-derived s showed the highest consumptive 4 


use, those with the largest areas of quartzite-derived soil the lowest. 9 wy a 
4  Consumptive use on Parker Creek, a 700-acre watershed with ponderosa pine- a 
to averaged 77% or 21 in. 
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—— 
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— 
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(687 | 97 | 21.94] 19.75 | 
88 | 97 | 21.94 | 19.71 
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— 
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om 57% to 90% of the rainfall. T he are shallow, there 2 are 
* areas of pane bedrock, the slopes are steep, and the drain-out of excess Be F 
precipitation is rapid. Ninety-six per cent of the water yield occurs 's during the 
; winter and results from winter precipitation. . W orkman Creek and Parker 
Creek also illustrate the wide variations between watersheds less ord a mile 
43 apart. Consumptive use on Workman Creek, in pine-fir forest type vegetation | 
3 (EL. 6500 to El. 8000), has averaged 90% of the precipitation (30.77 in. _ COn- 
me ~ sumptive use from 34.19 in. of precipitation) and has varied from 81% to 95%. Be 
_ The high use is probably caused by storage of relatively large amounts of water ae 
rs _ the deep soils during the winter surplus period, and later used by evapo- 
transpiration during drought periods oi! ile x 


‘The importance of f watershed and climatic factors is illustrated by prelimi- 
aay results from a 12-acre watershed (Natural Drainage C) with semidesert 
_ grassland-chaparral vegetation. The area was fenced and livestock use — 
2; eliminated i in 1934. terrain is steep, the drain- out excess 


a few hours to 6 months. A highly significant correlatio mr existe: between 
runoff intheequation: 


in which Y is the runoff cubic f feet, ‘and X is the rainfall i 


_ During the period from 1934 to 1947, vegetation density more than A ie 


oes years—upward if increased vegetation 1 favored water yield and ee 
downward if vegetation favored consumptive use. However, the residuals 
by ye years show no trend. There is a scatter of points with ‘approximately the 2 
y same number above and below the curve for any one year, and consumptive — 


use in this particular area appears to be independent of vegetation <i 


2 that 1 range between about 10% ‘and 20% ocular density. = Howe ever, from the 


a standpoint of usability — of water and sediment content, there is a marked 
difference. 


of soil carried i in streams decrease. 


Retavion or Consumprive Use To 


‘Since the water available for — use on irrigated areas is s the resi- 


imental ‘small differences in ‘consumptive ‘between 
‘areas kept bare of vegetation and areas grown in various types of vegetation, 4 


‘good and poor gr ss cover. . Decreased use ‘on bare” watersheds is largely 


il 
— 
— 
| 

— 
— 
— 
_ (to ocular density). if vegetation has a significant influence on runon, 
— 


4 


4 
éonditions. . If perennial grasses are depleted 

through | abuse, inferior such as annuals, weeds, and half-shrubs usually 


the original vegetation. If chaparral species are > burned out, ‘the 


bare would yield ‘most water, but. the 1 type of vegetation 
that interferes least with water yield and still controls sediment. In the 7 
aks Southwest, with very few exceptions, grasses are dormant and do not use - 
mee) 8 water during the winter water-yielding period. Water use is largely confined — ay 
te tet the summer period when there is no surplus water, and surface evaporation — 4s 
alone could consume all the precipitation. During the winter, high transpira- 
tion by half-shrubs, winter annuals, and evergreen shrubs, all characteristic of 
a deteriorated vegetation, tends to reduce water yield. Total annual use by =~ e 
grasses is slightly higher than evaporation from bare ground but lower than 
: a “a losses from a deteriorated vegetation. The benefit of well-developed and well- a 


maintained plant cover in checking soil erosion and sedimentation of reservoirs 
outweighs byt many times the value of the slight amount of water it uses. 
Consumptive use of water by forest and range vegetation primarily 


on climatic and watershed conditions and on water availability. There are 

; ca few areas in the West in which unlimited water is available for full potential . 

a consumptive use. The ability of plants to grow and use water is greatest in - ® Ss 

summer and least in winter. Actual water use is dependent on growing con- - 


ts ditions when moisture is : available. The availability of moisture depends on 
the distribution of precipitation and the moisture held in the soil for use during 


= 


= 
drought periods. Water use in the semidesert grassland zone was 92% of a : 
_ the precipitation for perennial grasses, 98% for winter annuals, and 89% of 


precipitation lost from bare soil by Consumptive use of 


in the chaparral zone was 81% of the precipitation for grasses, 84% of the 


"precipitation for shrubs, and 787% of the precipitation from bare soil t by 
evaporation. The use watersheds in the mixed grassland- -chaparral sone 
ranged from 90% to 95% of the precipitation on 4 adjacent watersheds, ~ a 


_ depending on soil type and depth of soil. _ Water use on forested | watersheds — | 
has varied from 77% to 90% of the rainfall, depending on depth of soil and oe. a 


ead A method that appears suited to determining consumptive use of — ae 
_ by forest and range vegetation is to divide the water year into four periods: — 


(1) Soil moisture recharge; (2) water surplus; (3) soil moisture utilization; and — ie ; 


(4) water deficit; and to consider each period separately. — Vegetation — — 
sures evaporation fron un base’ soil can always use more water than falls as precipitation ‘ a a 
during the summer period in the Southwest, and consumptive use is dependent _ z. 
; on total precipitation less the small amount of surface runoff that results from br he a 
summer thunderstorms. ‘Part of this surface runoff is dissipated from dry 
stream channels by riparian vegetation and evaporation. Water use during q 
the winter period depends on growing conditions. The’ water that is surplus g 
first, satisfies the deficit, and the balance is yielded as as stream 
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CONSUMPTIVE USE 


AS 
flow. Wi use during the spring sie early summer depends on the 
tion ‘and. the amount of moisture held in the soil from winter precipitation. — ic 
Thus, consumptive use by forest and range vegetation depends on the amount 
and distribution of the rainfall, the climate, topography, and the storage 
= capacity of the ecils. of the watershed as well as on the type of vegetation and He 
the degree. to, whieh | the vegetation overlaps. with the period of water 
surplus. — _ The principal way in which man can influence water yield is by ae 
: sound management. and use of vegetation cover, through proper livestock Sh: 


grazing and timber harvesting, so that consumptive use overlaps and dinterferes: ty 
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M. 3 —The data on the onsumptive use | of water by forest 
range vegetation, as ‘presented by Mr. Rich, were obtained by observing 

_ transplanted plants, and from the untreated Base Rock lysimeter. . The no 
> of obtaining direct evapo-transpiration data for some stands of ‘timber, 


- their natural condition, and correlating such data to the volume of ae 
Be in the plant community eppears to be interesting but difficult. Under certain © 


and Subsoil 


—Observation Wells: = 


conditions, when the is fed by a shallow ground-water level, the proposed 
; method of observing the fluctuations of the water-te table el elevations may 
ae In connection with a proposed hydrological survey of the Red Gum eo 
lyptus Rostrata) forests, in Australia, the writer has suggested that 
method be given a trial. These forests grow on 
flat alluvial land in the central part of the basin 
A Observat n Wel the Murray River and thrive in ‘the nearly 


for this type of observation are demonstrated _ 
_ diagrammatically i in Fig. 4. _ The forest soil is 4 
shown overlying a a stratum of uniformly- y-grain 
alluvial sand for which the porosity coefficient: 
is easily obtainable. Tubular wells with accu- 
ade hook gages are arranged within each test 
mae as shown in Fig. 5. The diurnal variation 
Fares the water table, ‘multiplied t by th the area of th 
test plot and by the porosity coefficient, , will give the evapo- transpiration Ps 
seb 
al Consider a fairly extensive forest, situated ata low der ation, with _ 
the gradation of the underlying sand is sufficiently small, 


Box 2967, G. P. O., Sydney, New South Wales, Australia. 


New South Wales Forestry Recorder, No. 1, 
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RICH 


GP ic data for aunt: of timber in 1 their n natural condition and 4 


correlating such data to the volume of vegetation in the plant community a: 
is both interesting and difficult . The method ‘suggested—diurnal fluctations 


of the water table where the vegetation is fed by a shallow ground-water — 
table—should under certain conditions. < Previous: work 


of the water table growing ng vegetation, 
a supply from a shallow water table. _ Mr. White suggested a method for com 
puting consumptive u: use of water by the he vegetation. H. . ASCE, dis- 
“The method has spittin’ in areas of shallow water table ‘whines vegeta- 
= - tion depends entirely on ground water. * nal * Its greatest value is in _ 
2 areas where inflow and outflow are at scattered or inaccessible owe and al 4 
im ‘The experiment Mr. Youhotsky suggests s should add othe while data to 


subject of consumptive use water by forest vegetation under natural 
conditions. However, the evapo-transpiration rates from this type of exper- 
iment probably be much higher than those from the forests 
: ~ Ancha Experimental Forest, t, and higher than n most of the forest areas in the 
a arid West, because n most of these areas do not have an unlimited | water ‘supply = 
as a shallow water table. atone | import at ‘kno 


under different conditions - Some areas” is have an unlimited 


¢ 


Other areas, which up most of the forest and 1 range lands of the West, 
do not have an unlimited water supply. The writer illustrated this point in 
Fig. in which it was demonstrated that during 1940-1941, when | percipitation 


a _ as aliniit double the average, consumptive use in the forested watershed of 


- Workman Creek exceeded the average annual precipitation; yet, during. years 


g t approached average > conditions as well as years of below “average precipita 
= the trees made some growth, : and stream flow, : although below that of — 


1940-1941, was maintained. In this area most of the forest grows on well 


wl 
659-A, 1932, Geological U. 


“Hydrology,” Physics of the Vol. IX, ed. by Oscar E. Meinser, McGraw-Hill Co., 


i because the fluctuations of the water table are a function of evapo-transpiration. 
= - Correction may be needed for the possible tidal effect of the moon. If - 
= _ this phase could be investigated on a sufficiently large, cleared, land area of — — lt 
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‘RICH ON “CONSUMPTIVE USE 


eel Tr spring when use is limited by growing conditions. — This period i is followed 
J a 
bya water-deficit period during late sp spring, st summer, and early” fall months ~ 
when water use would be highest if there | were an unlimited pict hahaa 


consumptive use by forest t 
A water available rather than on the capability of the forest ‘veestation 
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“IRRIGATED CROPS hw anager te 


By Wayne D. CRIDDLE! 
“a3 


Discussion BY MEssks. E, Houston, AND p Wayne D. CRIDDLE 


» tol Generally not all irrigation water consumed in an area is used for crop ae a 
production. Frequently great amounts of water can be recovered or saved. 
This paper gives a Tange in the amount of water consumed by varying types ; 
* vegetation under different climatic conditions i in the United States. reel ss 


NTRODUCTION 


Importance of Consumptive- Use Information.—The importance of a knowl-— 
: edge of consumptive us use of water is realized by = eh-netale living in the irrigated — oe 
of the worl . Just as it is important to know, before ‘starting ¢ on a long — lea 
trip a across some of our sparsely settled West, whether the old car will give — ae 


be 


- or 20 miles per gal of gasoline, so it is important to know how much irrigation “er ’ JS 
: water will be required and consumed by the crops on an irrigated tract. Like- oo Z 
- wise, a a knowledge of consumptive use of water is vital in arriving at an equitable 


division of the waters of a river system, portieulacly if interstate and interna- res a 


After carefully estimating present and possible future use and 
depletion, planning” for future hydroelectric power plants ar 
their power production’ becomes possible. js Engineers and others working ¢ on 
_ water supply, drainage, flood control, and many other fields are finding it — % 


increasingly important to have a knowled ge of the amount of water | consumed — 
by agricultural crops and other uses incidental to irrigated agriculture. 


‘Nore. —Published i in November, 1951, as Proceedings-Separate No. 98: Positions and titles given are 
those i in effect when the paper or discussion was received for 
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area it is importent too for the individual farm. In the design and 
layout « of a farm irrigation system one of the first questions ‘that must be 
answered i is “How much water will be required by the crops and when must 
3 be applied?” _ To answer this question satisfactorily requires a knowledge oe 
the including water-intake rate, water-holding capacity, and other 
er characteristics. . It also requires a knowledge of the crops to be grown, __ = 
the total seasonal water requirement of each crop, and the peak daily, weekly, 
ae: r sometimes peak monthly use of water. A knowledge o of how much of the 
summer - precipitation will be effective in satisfying the consumptive : require- 
ment is necessary, and a determination must be made of how much of the 
winter precipitation wi will be carried over as soil moisture and the contribution 
of ground water to consumptive use, if any. 
[neidental Use of Irrigation Water.—In all irrigated areas, there is salwaysa 
ae 7 _ certain percentage of t the water used within the area that is not actually con- 
‘sumed by the crops. Along with the crop use there is always. s some incidental 
use that cannot be economically avoided. ‘This: consumptive use that is 
' incidental to irrigation varies widely between areas. It frequently offers an 
“s 3 excellent opportunity for obtaining a better water supply for the crops or for ‘ i a 
ia expanding the irrigated acreage on the project. As the demand for water in a — 3 _ " 
valley i increases, the percentage consumed by argicultural crops usually hi 
total amount of water consumed by | agricultural crops ‘varies widely 
"throughout the United States, but the’ consumption of irrigation water 


yes, 


OF 


ix; 


an the ener needs 0 of the plants is is considered most important. a 


- Consumptive v use of water in an area is influenced by many factors including © 
2 a) climate; (2) cropping pattern; (8) available water supply; (4) soils and ¥ oe, 
Climate .—Undoubtedly climate is the factor having the greatest in- 
ry. fluence on the amount of water consumed by agricultural crops of an area: Me 
Investigators in in the f field generally agree that consumptive use of water will 
with temperature, of growing season, precipitation, 1, solar. radiation, 


However, it is that the greatest effect: of these factors is on the 
crops, such as alfalfa and grass hay. use of water by some 
= crops, providing the crop matures, does not seem to be greatly affected ‘g 
by wide ranges of climate. As an example, the longest growing season and 
_ hottest temperatures found for any of the irrigated areas in Idaho is Lewiston, 


od hie? where the Snake River leaves the state. Here wheat ‘is usually planted in — 
ea late February or early March and harvested by mid-June. In contrast, a 
; y past spring wheat is usually not planted until late May on the Upper § Snake River | 


= 

amount of water consumed by the crops may be of prime importance. 

— 

tid 
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-CONSUMPTIVE 


about the same at the two places, even though the crop requires i 
- first half of the growing season to mature at Lewiston but nearly ¢ all of the 
growing season at the location above Idaho Falls. Of course double cropping — 
might be practiced at Lewiston, and the total seasonal water requirement a 
each acre of land might be twice as great as on the Upper Snake River. 
1 shows consumptive water requirementa of wheat crops. grown at Lewiston 


With perennial crops wader: use and crop “yield more direetly with 
the temperature and length of the growing season . Alfalfa may be expected ti to eet 


_ produce more hay in the Salt River Valley of Arizona than on the Upper '. 
Snake River i inI Idaho. With these greater seasonal yields will come a 


ive Use, i 


pir pou: 


Growing Period of 


2. Cropping Pattern — -Another tii factor that must be cpemrnery 
+ wil ‘consumptive. use of water is the er cropping practice in the | area. Crops 
such as alfalfa will generally use considerably more water ‘each season than ea 
small grain crops. an irrigated area has adequate water and, is 
entirely to wheat, it may be expected to u use less water consumptively than if 
planted entirely to alfalfa. However, the peak daily or weekly use for these 
Available Water Supply. Probably the having the greates' 
~ influence on consumptive use, other than « climate, i is the water supply. Quantity, 
_ quality, cost, and availability are important considerations. Without aa 
consumption certainly Ww mill less than when | Water 


‘pe 
available, consumptive cannot “exceed the effective summer 


4 


of water consumed. If the is highly saline, good crop production 
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require frequent | heavy applications of water ‘maintain 
“movement of the salts and prevent a harmful concentration near the surface vé , 


‘may ‘materially increase the amount of water consumed inasmuch as 
consumptive includes, by definition, the n from soil a nd 


Cost may have a decided effect on the of water crops. 
Where water is cheap : and plentiful, copious irrigations are are frequently 
causing high evaporation and incidental losses. As water becomes more 
ss @xppensive in relation to crop values and to other costs, it is usually applied e! 
more efficiently; less than the necessary for optimum crop i 
Availability of as needed has some effect on consumptive use but 

may be most i important it in ‘increasing irrigation efficiencies. Those far farmers 


receiving irrigation water ‘from reservoirs having adequate storage. capacity 
are less likely to over-use weter during the early part of the irrigation 


stream that runs high the spring freshet but. practically 
up during the latter partofthesummer, 
Soils and Topography. —Soils ‘and. ‘topography play an important 
“4 in determining the amount of water. - consumed. Areas in which the fertility 
oe level is high give heavy yields, but water consumption, particularly for perennial = 
crops, is greater. Texture, structure, depth of top soil, and other soil character- 
a istics affect the use of water, , especially the ¢ consumptive irrigation requirement. — 
The amount of precipitation that the ground will absorb and make available for ee ee 
_ consumptive use of the plants varies widely with the soils and topography. = a 
5. Irrigation Practices . —Consumptive use of water is | is affected by the “way 
ie, a farmer lays out his farm irrigation system anc and manages the available water. Bs . 
‘The wise irrigator will apply water when and as needed to keep the crop grow- es 
oa ing at | or near a maximum rate. Such practices will tend t to give high =p 
wal yields with a relatively great use of water per unit area. “However, bed 


7 _ practices may also result in fairly great use of water because of the resulting — a 


incidental uses. . the land was not properly prepared for ‘irrigation, ponding 
and drowning out of crops may result i in some areas. Evaporation from such 


_ areas.is gréat, and consumption of water in the area may be similarly high. | 


= Consumprive Use INCIDENTAL TO IRRIGATED AGRICULTURE 


Factors Responsible For Consumptive- Use Variations. has been 
age water is consumed in most irrigated areas that are not directly ee 
the production of agricultural crops. ‘This use includes evaporation from 
water surfaces and seeped lands” and ‘the transpiration of the ‘natural 
-_ vegetation that i is inevitable when water i is available. In areas, such as those a 
a along the Pecos River above Lake McMillan in New Mexico or or the Gila River 
= Safford, Ariz., these incidental uses become extremely important. . 
3 In n each of these areas vast acreages of salt cedars consume g reat quantities: of 


“a water. In ‘other ; areas, willows, cattails, and sedges consume water. A pore 
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production the need for water requires 
‘Je ~The amount of water consumed by natural vegetation varies widely ~“s 
one irrigation project to the next because of many factors. The length, slope, 
and shape ¢ of irrigation: canals ai and ditches and the soils through | which they Es 
‘pass have | great effect on the amount of water lost in transit and consumed by 3 
natural vegetation. i the canals and ditches are lined and the amount ie 
rig seepage is controlled, areas in which seepage appears and large patches of 
plants that consume great quantities of water will not. However, 
if the canals are unlined and traverse areas of flat, highly permeable soils, 


% there are apt to be great quantities of water escaping { from the canal. ‘Unless 7 


the underdrainage is good a and the ‘seepage water escapes from 
4 the project, wet areas will develop. Soon natural water-loving vegetation 
start. growing. . This, growth, together with evaporation from any existing 
. water surface and from the moist soil surface, can account for great water use. 


whe 


a Adaptability Nat atural Vegetation. —The amount of water ‘consumed 
=z natural vegetation is somewhat dependent t upon the type e of vegetation ‘that will, 
grow i in 1 the area under natural conditions. In general, the e larger the vegeta- 
the | greater the amount of water that will be consumed. Usually tall 
cottonwoods or other trees will have a dense undergrowth of smaller plants 
such as willows and grass. ‘However, some types of vegetation | grow better 
under some climatic conditions than they do under others. For instance, salt 
cedars or tamarisk, commonly found in many of our southwestern areas, do ike a 
‘not grow and thrive naturally under northern or more rigid” temperature ren 
conditions. its natural habitat, tamarisk appears to be an important user 
of water. Further north and in the higher elevations willows replace the salt eee 
edar, but the willows ¢ are likewise great users of water, although they may 


have | as high a peak use rate as the tamarisk. panel 
Ih high ‘mountain meadow country, ‘such as on the head [waters of the 
Colorado River, large areas of dense willows are found. In fact, many ranchers 
- must exert a continual effort to keep the willows out of the pasture or wild a; “Ss 


lands. Such vegetation begins using water ently in ‘the: spring and con- 


Likewise, sacaton, plant that loves a high: water 
requently, on irrigated farms low spots are in or at of 
fi fields into which large amounts of surface waste water and silt collect. — do the 
x ‘conditions a are conducive to high farm consumptive use and give a particularly vs 
high use if based only on irrigated cropped lands. SEO, 
- na High ground water, whether natural or caused by leaks from canals or 
irrigation epplications, is conducive to great use of water. Many plants, 
4 including alfalfa, use much more water if it is readily available. To this greater 


| by the plants themselves must be added increase in from 
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practices result i in an extremely low average consumptive use 


that the consumptive ‘requirement of water v varies. throughout the West, 
4 The greatest use is, of course, in those areas having the longest growing oe. 
a highest temperatures, and lowest ; humidity. * Some of the valleys in the * 
_ United States where consumptive use is greatest are the Salt River and Yuma 
a areas in Arizona, and the Central and Imperial valleys of California. = = —__ A 
-Mimimum use is found in the higher, cool valleys. 1 In ‘high mountain 
valleys where frost. may occur every month of the year, ‘only a light ‘crop | of 
wild hay may be harvested some years. Under such climatic conditions — 
ae little consumptive use occurs each season because of the short period | during 


a. which | crop grow th takes. place. ‘The ‘New Fork area above Pinedale, W yo. 


is typical of such an area. 


i Use may » vary widely because of the difference in crops grown in the ane 4 at 


areas. There are s number of small valleys in southern California where 
would expect ‘a rather great us use of water. Based on temperature 
: growing season n records, the use in peeetn valleys might be quite similar to that — 
erial or Coachella valleys of ‘California. However, because “= 
lack of adequate | water for irrigation, only relatively low yielding grain fer 
beans is is normally grown. Furthermore, “after the grain crop is planted, 
there is an pattempt made to utilize all the precipitation possible, both winter 
and early spring. -_ Precipitation alone will not produce a crop in these valleys, al cS 


a ‘so one or two small applications of water may be made. 


, where climatic are not too different but w here a major 


is 


= to that in an area such as the Mojave River area near v ictorville, 


Auratra anD SMALL GRAINS quirement.—Rather “Trequently 


it becomes necessary to know 


Warer By Cao ms the total amount of water con- : 


by a crop and also the net 


amount that ‘must be supplied i 


__Alfaita Smal by means of irrigation and other 

18.0 ground water does not con- 

tribute to the requirement { the 
summer precipitation and soil moisture carry-over from the winter precipitation. — 

Determining the ‘proportional contribution from source is 


Om; 
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4 
In the hotter | such as the Salt River Valley i in which total annual 


05 in., there is — a question as to whether any of the precipitation is ae 
Under these Arizona conditions a characteristic summer 
storm develops rapidly.” Rainfall occurs at a rather high intensity for a short. ae Se a 
- duration, and then the storm clouds pass. The high rate of fall is frequently Se ie 

by heavy surface runoff from the fields. Precipitation that 

remains after surface runoff is soon evaporated from the wet foliage and ground» f 

surface without any significant quantity penetrating into the root zone of the ae 


 erop. . Under such canditions, consumptive irrigation requirement is» 


probably reduced little, if at because of the summer storm. However, in 
such areas, the total amount of precipitation that falls during the summer 4 
is relatively small in comparison with the total requirement. 


Therefore, 
Hage this precipitation is considered | as being « effective or not may make ok 


Tittle difference to the total irrigation requirement. = Levee ¥ 


ae Under conditions found in in the northwestern United States | a . rainstorm, — a ore 
of its size, is frequently accompanied by ‘cloudiness and cooler 
weather that may last for several days. This lowering of temperatures and er 7 ; 
increased humidity may | reduce consumptive use so that a large part o! of the a b 
precipitation “might be considered effective. Also, in this area it is character- 
istic for the rain to fall more gently and over a longer period of time. — This a Oe 
allows greater time for the precipitation to percolate into the root zone of - 
Be crops and become effective in reducing the consumptive irrigation require- 
ment. This is particularly true under coastal conditions in Washington and 
Oregon and in northern Idaho. In the more arid portions of the Northwest, — 
precipitation that normally falls during the growing season may be so small 
es it is practically insignificant i in relation to the annual consumptive use. 


‘rate throughout the season. This” “may 
be necessary each year, but, at least during the drier years, it may mean the ; 


sar 
ES between good yields or seriously reduced yields ; 


In order to understand the quantity of irrigation water that must be applied 
and when it should be applied, the amount and distribution of the effective i - 


precipitation should” be known, Applying water in excess of crop needs 4 
certainly not economical and may be harmful. By far the most economical 
way is to supply through natural processes the moisture needed by the crop. 
a However, it is sometimes necessary to help nature supply 1 water for plant , 
- requirements just as New York, N. Y., finds it necessary to seed the clouds with 


dry ice or silver iodide in n hopes of increasing its water supply. _ 
.* _ The use of irrigation water to supplement ‘rainfall i is believed to be more iar 
clearly by chert as in Fig, 2. This figure shows the 
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consumptive use and precipitation during the growing season 
four locations having widely different climatic conditions. 
Bh The chart for Phoenix, Ariz., shows a possible total use for alfalfa of approx- a 
- 
ber 3. ‘Normally, less than 6 in. 1. of precipitation o¢curs : during this ‘period. = | 
= Whether all of this precipitation is considered effective or whether it is dis- — ; 


regarded entirely will not make a significant difference in the irrigation water 
requirement. Probably 75 to 80 in. of water would normally be applied to 
the field to provide the 56 in. required for consumptive use. 


~ Feb 10 to Dec. 3 


(a) PHOENIX, ARIZONA - 


Period 


Ar. 


0 


3 

When the chart for San Antonio, with a similar frost-free: period i is 
studied, , it can be seen that, if precipitation is neglected, it would make a con- 3 
a siderable difference in the irrigation requirement. Here the “growing season 


4 Are precipitation amounts to about 23 in., or nearly half the total possible nmi s 
At Boise, with a much shorter growing season, the summer precipita- 

Rice tion amounts to only 4 i in., , and the consumptive use of alfalfa is believed to 


about 30 in. Here, as at Phoenix, neglecting the summer 


ae will not make too much | difference i in ‘the irrigation water requirement. = 
- <i Cheyenne, W yo., with only ¢ a short growing season, the summer pre-— 


hee. cipitation of 8 in. is a good proportion of the 23 in. that is the estimated con 
sumptive requirement of alfalfa at thislocation. 


If the weights of all vehicles passing a ona highway during q 
a month were determined and this total divided by the number of vehicles, — 5 
the average weight of each vehicle would result. However, ifan. engineer were 


to a new this average weight as the live loading), the 


4 


— 
= 
— 
Ve 
— = | 
— 
— 


"engineer would be looking f for new job as soon as the first oil tanker 


to 
_ So it is with the design of an irrigation system. The system, carious — 
_ if it is of the sprinkler type, must be designed to handle the peak water require- ae 
ment of the crop. The frequency of irrigation that must be designed will ie ee 
Beg on the length of time the water added to the soil a and stored | for ama 
maximum rate. Leo feat 
Frequently peak u: use wi a project as a whole has been determined from px 
of past water demands on some similar operating project. This 
works well where all of the factors affecting water requirement, including 
cropping pattern, are similar. — Another method that has been used occasionally 
is to estimate the average monthly irrigation water requirements of each | 
z crop* at the location under study, choose the peak monthly use, and divide by 
the number of days i in the month. m1 This. average daily : rate for the peak month af 
is then multiplied by a factor which may be as largeas 1.5. = 
a6 To illustrate this method, assume that a a design for a sprinkler system for 


an alfalfa field having light shallow ‘soils near Grand Junction, Colo., i is desired. Oe 


use normally occurs during the month of July and is estimated to be 6.78 i 


2 However, ‘normal: July precipitation is 0.75 in., leaving a deficit of 6.03 in, 


that must be supplied by some other means. ‘The sprinkler system, enetare, 3 ai, 


5 X 6.03, or about 9 in. of TABLE or Peak ‘Dany 
water for consumption | the oF Sor Motsture ror Common IRRIGATED 


suming an lerigation efBciency of 


water per acre if ‘optimum 
be maintained during the ex- as 


 tremel hot d eriods. Dail sit Genall grains lo’ ‘one 
peak consumptive-use rates be- Sugar beets 
a used by technicians of the Orchard with \ cover crop 


climatic sones of western states the more common ae 
hat 


a = _2“Determining Water Requirements in Irrigated Areas from Climatological and I 
Harry F. Wayne D. Div < Div. of Irrig. Water Conservation, 
Washington, September, 194 
*“‘Consumptive Use of Water in the Thabo Areas of the Upper Colorado River Basin,” - Harry 


D. Div. of Irrig. and Water Conservation, SCS, 8. of Agri Wash- 
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amount of water ‘consumed crops is affected by 1 many 
factors, of which climate is probably the most important. Other influencing 
rs are 8 ‘soils, topography, water supply, irrigation practices, and the 
4 gt grown. The total depth of irrigation water required for ‘consumptive 
Be. _ during the growing season is dependent on the effective precipitation that —__ 
4 the s summer and the carry-over soil moisture from winter precipita~ 


ee ae my. Perennial crops show wide variations in use of water at different locations — 


oa the West. ot nn 43 ft of water per yr are normally used by alfalfa i in the 


. se We ft of w ater per year. Annual craps usually do not show such a wide variation a 
cy i’ in use. Approximately 15 to 18 in. of water will be used consumptively in a 


producing a good irrigated wheat crop regardless of where it is grown. 
Water consumed by natural vegetation incidental to irrigation may vary 


ham” ‘<i widely. by Probably the greatest factor i influencing the proportion ¢ of an irrigation — 


ae supply thus consumed is the relative cost of the water in relation to other farm a 


costs and to the value of the crops produced. _ However, there are other . 
factors i involved that also affect this proportion. 
In many y arid. valleys, potentially short of Ww water for agricultural | purposes, 
me, * reduction in the amount of water used by nonagricultural plants may present & 3 


the ‘greatest opportunity for expanding the agriculture or improving present _ 
i supplies. _ Canal linings, better irrigation practices, better land leveling for 4 
‘and other irrigation improvements might be used to salvage water. 
Consumptive use of water by crops cannot be decreased without decreasing —__ 
yields, and it even appears that, because of increasing yields, the consumption  — 
of water per acre might also be increasing. . The efficiency with which irriga- e <x 
tion water is conveyed and applied thus offers the greatest opportunity: 
Farm and field irrigation systems should be designed with capacity for 
a a. upplying sufficient water to the crops during periods of unusually highdemand. __ 
For some conditions a capacity of 1} times the irrigation requirement duriag / 


the normal peak ‘month has been considered desirable. However a fa¢tor es 
smaller than 14 may be entirely | in areas of deep soils w ith high 
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E. Houston,‘ A.M. ASCE. —Mr. . Criddle has given an ‘excellent 


: presentation of a subject whieh should receive primary consideration by —: 


zx 


q great dams, ‘control works, and canals. 
of the actual use of the water by crops on be farm. If,asa a result of inaccurate © 4 : 
calculations or inefficient w ater use, th the cost of dams and canals meawie be re- os 
paid, what good are they but as monuments to poor planning? ruil 
Mr. Criddle’s list of “Factors Affecting Agricultural Use” might be 
added a sixth fa factor—improve ed crop varieties. WwW ‘ith the advent hybrid. corn 
a - proved alfalfa varieties on irrigation experimental plots at Reno, Nev. é, indicate ae 
an increased consumptive use of water with an increased yield. As improved 
irrigation n practices take place to influence crop yield ‘materially there may > 
an increase in the consumptive use of water, me 
period o of small, simple, and relatively i inexpensive water ‘projects 
- closed and a period of large, complex, and relativ ely costly undertakings has” 
; a opened. It should be recognized that projects of various types will increase 
a still further i in size, complexity, and cost . Furthermore, the supply of = 
r for the use of these projects is limited. - Under thesé circumstances it is somalia 
oa that effective control and efficient use of water must be obtained for maximum 
utilization and the greatest total benefit. Consumptive-use 
‘are fundamental to a sound, permanent, and profitable i irriga ation agriculture. ay 
WayYNE D. CRIDDLE’. —In suggesting that the introduction of 
erop varieties will increase consumptive use, Mr. Houston is entirely correct 
5 Any increase in crop yield—whether it is caused by the use of improved — 7 


_ Varieties, higher fertility levels, or better irrigation and | management practices— Be 
- will tend to increase the consumptive | use of water by the crop, although ees ; 
4 in direct proportion to yield increases. Also, as shown by the work of the Soil 

Conservation Service at Prosser, increasing the of ‘irrigation and n and main- 


is The data on the chaienghed use of water were based on w hat the writer 
believes to be approximately average conditions for the areas, both as to crop 
yields and irrigation practices. Any general increase in yield or change in i 
irrigation practice for any large area usually comes slowly. ~ Therefore, the © 
ata presented in the paper should be valid for a number of years. beet! ‘ts ae Me 
- Since the paper was written in 1950, much additional information has been 
_ gathered on the peak use rate. _ Current studies at various locations in the 


* : W est indicate the approximate range of the daily rate at which water is used 
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RIDDLE ON CONSUMPTIVE USE 


y crops. ‘ The consu ptive-use ri rate for any one day, or - the average over 
_ short series of days, can be considerably higher than the average daily rate for a 
| entire month. Likewise, use during the peak month i is much higher than 
the average monthly rate during the entire growing ‘period. Frequency of 
te irrigation depends on the length of time that the water stored in the soil will 
as meet the plant needs, or on how much water the soil will hold and how fast it 
is used. _ Therefore, the less water that can be stored ir in the root zone at each 
irrigation, ‘the more frequent the irrigation must be, assuming that the use rate 
remains the same. Also, the less water that can be stored at each irrigation — 
: and the more frequent the irrigation, the larger ' the irrigation system must be 
to meet the crop needs during periods of high use. 
_ §tudies have shown the relationship between the daily use of water by | 
_ crops during ‘short peak periods and the average during a peak month. “This 
relationship used in constructing Table 3. By considering the char- 
3.—Peax Consumprive- Use Rates FOR THE DESIGN 


Peak Datty Consumprtive-Use Desian Rates, Incues per Day 


; Depth of water to be stored® 
Depth of water to bestoreds 


0.10 | 010 | 0 
ou | o1 | ©. 

as 


soil to in crop root zone by each 


- acteristics of the soil in the crop root zone and by knowing, or computing, the = 
peak monthly ¢ consumptive-use rates | of the « crops, Table 3 might be used to 
Pas An example of the use of Table 3 follows: The design capacity of an irriga- 
x tion ‘system might | be desired, i in which the peak monthly use of the crop — 
is 6 in. The soil, which i is light-textured and well-drained, will hold only © 
1 in. of conden between wilting point and field capacity for each foot of soil e ‘a 
depth. Under the existing conditions, the rooting depth of the crop is 3 ft 
es and the irrigation water must be | applied by the time two thirds of the available ; ; 
ee - soil moisture has been extracted. Thus, a 2-in. application would be required — 
at each irrigation. From Table 3 it may be seen that with a peak monthly | 
v consumptive-use requirement of 6 in. and where only 2 in. can be stored at ¥ 
each irrigation, the system must be able to apply 0.27 acre-in. per acre each 4 


day. interval could: not exceed about, eight days. However, 
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— 2 lly considered to be about: 


_ system in this example must have a capacity of 0. 27/0. 75, or 0.36 acre-in. per ee 


If the soil in the example had been deep, ' with a a high water-holding capacity yori set 
es which 7 in. of water could safely be withdrawn between irrigations, 2 ae 
average erage daily peak use use would have been 0.19. acre-in. per acre per day. If 
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acre-in. per acre per day, or 4.7 gal per min of continuous flow foreach 
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R AN SA Cc TIONS oat 


By GEORGE. B. GLEASON,’ A. M. ASCE 


Ww Discussion By Messrs Rosert H. Born Meyer KRaMsKy 
1 ITH ISCUSSION BY ESSRS OBERT ORN AND EYER RAMSKY 


typical su survey y to determine the c consumptive use of water in municipal and : 


‘tribution of water rights in the Reymend Basin Area, Pasadena, Calif., an 
evaluation was made of the factors involved. The results of this study — 


= aoe presented, and the data are analyzed to emphasize points that stead be of assist- 
in the and execution of ‘similar surveys. 


transpiration and evaporation from lawr ns, shrubs, and trees; evaporation 
from bare surfaces; and the relatively very small increments evaporated in 
_ household and industrial uses or retained i in industrial products. It does not — 
 inelude e sewage, surface runoff, ‘or water percolating beyond the root zone of 
a the covering vegetation, all of which are or can be made available for re-use. 

. a. municipality can be defined as that area devoted to residences, commercial © 
and industrial establishments, churches, schools, parks, and cemeteries. 2 
as Residential areas vary in their water consuming characteristics, the amount 
consumed | depending primarily upon what part of the area is. devoted toeach 
ee of the several types of vegetation and what part to buildings, | paved ei 

BA “ and so on. Commercial areas also show a consumptive use, ranging from 
 elosely built-up centralized districts in which water-consuming vegetation is 
virtually nonexistent to scattered establishments in the suburbs around which — 

he there may otill be considerable areas of lawns, shrubs, and trees. 


In connection with a suit for the adjudication of water rights, 2 ‘brought by < 


the City of Pasadena against other producers of water from the Raymond 


a -Nore.—Published in November, 1951, as Proceedings-Separate No. 99. Positions and titles given are a { 
in effect when the paper or discussion was received for publication. 
aay Supervising Hydr. Engr., State of California, Div. of Water Resources, Los Angeles, Calif. we ~ 4 
en “City of Pasadena vs. City of Alhambra,”’ No. Pasadena C-1323 in the Superior Court of State 2 
= California, in and for the County of Los Angeles, February, 1939. — 
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a : 4 ot, 
in Los. County, it was deemed that the 
tive use within the basin be evaluated. The Division of Water Resources, 
Department 0 of Public Works of the State of California made an investigation 
r the first step in this investigation, completed a detailed survey of the culture a 4 


of the area involved. Of the approximately 23,000 acres in the western unit 
the 17 000 acres about three of the total) was 


reservoir sites; (8) parks; (9) schools; and (10) streets. i Although it is probable adhe 


ssified as follows: 3: (1) Estates; (2) class A (3) class B 


driveways, lawns, shrubs, trees, there i is ; materially less variation 
between lots within each of the above classes than between those in different be 


classes. The results disclosed by the are Presented in the following 


Class A _ Lawns and trees. 63. 

Class B residential... .. 170 Ornamental trees... 

Rural residential 


bs 


‘The first ton. listed in this tabulation 
culture. _ With the exception of commercial and streets, which were assumed 
- to include no water-consuming vegetation, , each of these classifications includes a 
various proportions, vacant areas, buildings, driveways, lawns, shru ibs, 
trees, and possibly other water-consuming vegetation. It was assumed that 
an accurate determination of the relative proportion | of the area that was 


devoted to each type of culture on a few representative areas in each classifica 


survey ‘and adding the areas nak included in those ceodhr the total acreage in i 


each type of culture was obtained and is also listed in Table 


-_-Unit Consumptive- Use Values.—The next step in the evaluation of consump- 
tive use was the assignment of unit values of ace use ne | each of 


Mi 


| 
a 
— 
the whole urban area. The Same assumption was applied to river 
areas that included areas of brush and bare sand and gravel. Table 1 presents 
a composite of the results obtained on the typical areas. Applying these 
— 
| 


AGS 


work had been carried on, having a as its the evaluation of 


ms unit consumptive-use values for agricultural crops and native vegetation. fe 
A ne So far as could be determined, ‘similar work on the types of veg 
are peculiar to municipal dev elopment had been negligible. Because. of this 
lack of information the City of Pasadena, in cooperation with the United States 

_ Department of Agriculture, carried out an extensive program of soil | sampling 

- for moisture determination throughout the period October, 1937, to October, _ 
"1939, and the State Division of + Yoter, installed and operated an 


oo 1.—ConsumptTive-UsE SuRVEY OF THE WESTERN UNIT OF 


Estates ervoir | Parks | Schools in feet 
mer site 


(8) | ©) | | 


Percewrace oF CLasstricaTion Devorep to Speciric CULTURE 


+ 


eas experimental plot ‘consisting: of eight tanks planted with lawn grass and os 


ay - surrounded by lawn. Water, including rainfall, was applied as required by the — 
Bi: grass in the tanks, and the amount of water that was withdrawn as it ac- 

— cumulated in the bottom of the tanks was measured during the period from 
Se 1939, to July, 1945. Based on the experimental d data so obtained, the a 


ee Pl Combining the values presented i in Table 1, unit values of annual consump- a 


ee tive use for each cultural classification nee obtained and are listed as follows: , 


Class B residential. ‘Schools. 
Rural residential . 78 River wash. 
Semicommercial 


— 
= 
— 
— 
| 
— 
> 
Lawn and trees | 1, ts | 38 | 
| 100 | 100 | 100 | 100 [100 | 100 | 100 
— 
| 
_ 
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Export 


pm, 
The classification was tc 


4 Subsurface Outflow.—In the Raymond Basin study the recognized 


thet the hydrologic equation must balance was utilized to evaluate the sub- 


surface outflow across Raymond fault, the lower boundary of the ground-water | 
sy a _ basin. _ Each of | the items of supply and disposal other than the subsurface 


outflow was in 


W ober er coming from in basin 


Surface outflow. ... aQ 
14 


Of the: items ‘appearing. in the derivation, 
and export were for the most part measured: The estimate of water coming 


£ from storage in the basin was based on measured changes in water table 


7 elevation at numerous and “fairly” well-distributed wells and also on ‘specific 


a _ yield values established by earlier detailed studies of the Division of vac 


No detailed: independent estimate of the subsurface outflow appeared nee 
be feasible 2 at the time of the study, but general geological considerations _ 
indicated that the derived value was reasonable. Assuming that all values 
used in its derivation other than consumptive use were substantially correct, — wa 
‘it follows that the value of over-all consumptive use was also substantially ee 

a ; rect. It does not necessarily follow | that the unit v values presented i in Table 1 


Bs Analyses of evaporation from soils indicate that the unit consumptive-use 
i value of 0.50 ft, arbitrarily a assigned toi impervious $ areas, m may be high. © Ass oa 
a ing that the true unit value is 0.30 ft, the consumptive use from the an: 

ares would be reduced 1,274 acre-ft. Evidence available indicates that 


i 


om 


consume 6 in. Applying these 
values LO the acreages as listed in Labie Tesulted in an estimated total 
— 
| 
— 
4 
Var. 
— 
_ 
— 
— 
— 
— 
Badletin No. State of California, Dept. of Public Works, Div. of Water Resources, | 


me 


ase of a a little more. ft in 


of 


- peculiar to urban development (lawn: ns and shrubs, lawns and trees, salic ornamen- 
tal trees) would accomplish the purpose. It is doubtful that unit values that — 
are applicable to large areas can be established experimentally within such - at 
elose limits. However, | each of the values used in the hydrologic equation 
ide subject to some error, so the desirability « of independently evaluating, with the s 
greatest possible accuracy, consumptive use, as well as each of the other factors 
apparent. Experimental data relating to unit consumptive-use values for 
limited to that obtained in connection with the Ray mond Basin study. More 
, eri ry The effect of changes in culture on the supply of water required is of ta 
interest in areas that overlie ground-water basins of large capacity and oe ar 
) te which rapid and extensive urban development is under way or anticipated. e 
= The paving of streets and the installation of sewers tend to increase the outflow. 
‘ Tag On the other hand the consumptive use may decrease. The weighted average ~ 
unit consumptive use by a combination of the first four items of culture i in 


arrive at ‘an approximation of th the effect of future on 


sewage production, and consumptive use in the western unit of the Raymond 4 
i Basin Area, it was arbitrarily assumed that there would be no change in waste 
 Jand along streams; but that ultimately 21% of the area would be devoted to 
streets, 5%’ would remain 1 vacant, ;, and the remainder would be devoted to 
- municipal development, with each classification proportional to its 1939 acreage, _ 
shown in Table 1. Under these conditions it is estimated | that runoff would 
increase by about 2,800 acre-ft o over the 1939 values and that sewage production : 
would increase by about 4,600 acre-ft but that consumptive use would decrease 
by about 300 acre- “ft. The study further indi icated that percolation to the 
"ground water from precipitation and irrigation “would increase under these 
conditions by about 2,200 943 init be Pei”. 
me ‘Tt was further estimated t that the change from natural culture to that of x 
1939 resulted in an increase of about 3,400 acre-ft in runoff, an increase of 
Be about 8,100 acre-ft in sewage production, a decrease of about 2,300 a 
use, and an increase se of about 8, acre-t ft, in ‘in percolation to 
estimates indicate that existing urban ¢ culture i in the Raymond 
Besin Area has decreased rather than increased consumptive use and has 
imereased deep “percolation to the ground water. On the other hand, it has 
materially increased surface runoff and the production of sewage. Whether or 
 notall the effects would b be e comparable elsew here not only upon the 


=! 


deciduous culture consumes more water citrus 
value of 2.25 ft for deciduous cultur « 
nted for — 
a 
. It is greate 
tural crops shown and also less than that, for brus & 
1 i 
> 


Z se native vegetation is directly related to the amount of precipitation available, and 
consumptive use by all vegetation is is related t¢ to temperature. . Average annual 
Pp ipitation on the western unit of Ray mond Basin Area ranges from 18 to 
_ 25in. Where precipitation averages much greater than this, it is probable at 


the: reduction in consumptive resulting from urban development y would 
a” be greater than the value estimated. fe...’ here. precipitation is much less, it is 
that urban development might increase rather than decrease the 
use. During the period from June, 1939, to September, 1940, 
which the lawn grass tanks “were operated, the. temperature at the plot 
re ranged from 54.8° F in February to 75.2° F in July, 1940, and av eraged 64.1° es 
| a during the year fr from July 1, 1939, t to June 30, 1940. Had the temperatures — 
: 4 g higher, the ‘unit values presented in Table 1 would have been greater, and 3 


When considering consumptive use by urban development, each are 

its own problem. W hether or not a particular case a culture 

‘survey as detailed as in ‘this paper would be would 


“surveys and further e work, Ww a view more definitely establish- 


an 


unit values for the various types of culture involved, cannot be questioned. 
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_ Rosert H. Born,‘ J. M. ASCE.—Information obtained in the Raymond — 


Basin cou eren as been \ ACC 
to the fund of knowledge concerning municipal water use. "The writer co concurs - 


Mr. Gleason’s conclusion that further experimental work is necessary to 


Po es tablish, more . definitely, the units of water use for various types of urban | 


Asa research project in connection with the current California State-Wide : 
| Water Resources Investigation under the direction of the State Water r Resources . 5 4 
ard, the Division of Water Resources has : amassed additional water-use data = 
Re ua in nag Los Angeles and Vernon industrial areas. Conducted in the fall of g 
tg 1949 and spring of 1950, the study had as its objective, the determination of “e 
ee units” | of water usage applicable to large industrial sectors in the Los Angeles — ee 
‘metropolitan area. The area surveyed covered approximately 2,500 acres 
aes ‘ of land devoted entirely to industrial purposes wherein were located represenita> 
es mee tives of the following industries: Steel mills, breweries and wineries, soft drink _ 
manufacturers, canneries (processed food), plants, paint and varnish 
manufacturers, rubber products manufacturers, paper mills, meat packers, 


tanneries, wool | pullers, rendering plants, | ceramic industries (pottery, china, 


x and glass), i ice and cold storage plants, fabricated metal products manufacturers, _ 
_ The total | water ‘delivered to the area Was, determined f from 1 metered re records — 
4 the cities of Los Angeles and Vernon and from records and estimates of _ a 


water pumped from private wells. It was determined that approximately 

TABLE 2 —Sevectep INDUSTRIAL) plied during the fiscal year = 

WaTER- Use ‘Factors: 1949-1950, to the 2,500 acres 


= industrial | lands, giving an an ap- 


Factor. plied water-use factor of approx-_ 


— imately 10.8 acre-ft per acre per 


revealed in this survey, it was 


Meat packing ight 5 97.3 


= 172 mation concerning» quantities 
of water consumptively ued 
aie from steam lines, boiler blow-off, and cooling towers) is not , % 


_ generally available due, for the most part, to the lack of sufficient and ri 


was also noted that a a variation exists in the water 


between the several types of industries as well as between industries of =4 


‘discerned that adequate infor- 


ay" 


ies 


in 
=, 
; 
] 
7 
] 
1 
— 
uty plant 
= 
1 
— 
il 


ate 
4 a few of the heavy water users in the area s surveyed i is given in in Table a a ; 
a ie The- lack of correlation between industrial water use ‘and plant : area is 
a readily apparent in Table 2. The effect of this variation is even more pro- 
nounced when these -Water-use data are compared on a percentage basis. 
Within» the four paper mills surveyed, for example, the applied -water-use 
: factors varied from 7% to 150% of the average of the four plants. Within 
3 eal the total industrial area surveyed, applied water-use factors varied from 12% — 
to 2,300% of the. average factor for the entire area. J od 
| significant variation in industrial water use leads to the conclusion 
i that water consumption n expressed as a quantity of use per | unit of area may ¥ 
a not be ‘a valid indicator of industrial water requirements except where the | 
factor has been obtained from a survey of a large area comprising many types — ‘i 
of industries. . With so wide a variation in unit values of water applied, there e. 
must also be significant variation in the quantities consumed per acre. ie 
The results of the aforementioned survey have stimulated the writer ee 
investigate further a more logical basis on which to determine water require =— 
‘ments of individual industries. Preliminary information obtained thus far 
im - indicates that, in the meat packing industry for instance, water-use factors” 4 
a expressed as a quantity | of water per unit of plant production (gallons: per 
lb of kill) are the most consistent of all. 


Ik 
Merve ER Kramsky,° A. M. . ASCE —The author has: presented ‘@ compre- 


Area of Southern California. That area is part of metropolitan Los Anaden, 
and i is predominant] suburban residential in character, with heavy industry 
Pp y 
‘nonexistent. The City” of Pasadena occupies most of the area. 


ae is assumed that consumptive use in the Raymond Basin Area i is confined 
to natural evapo-transpiration losses from the various surfaces included therein 4 Mi 
. ES Weighted average unit consumptive-use factors are determined for the several oe 
: eae classifications based upon relative proportions of the various types of RE ah 
Vegetative cover and bare surface included within each classification. Total 
consumptive use is obtained by applying the appropriate unit factor to ‘he pt 
total acreage devoted to that particular land use. 
a his procedure i is entirely valid for regions where native Vegetation, agri- ; 


‘municipal residential use predominate, but is not necessarily 


to heavy industry. _ There is no particular relationship between area occupied Co ba 
os and water consumed in n manufacturing processes, such as exists for the other wee 
ie land-use categories, and the infinite variety of industrial water | usage renders - se 
fallacious any generalized conclusions drawn from limited studies. 

Industrial Process Consumptive Use in West Coast Basin.—As part of its ease 


Water Resources, Department of Public Works of the State of California, con- 


* California Water Service Co., et al, vs. City of Compton, et al, No. 506806 in i ep 


SBenior Hydr. Engr., California Div. of Water Resources, Los Angeles, Calif.§ 8 8 


a the State of California, in and for the County of an snare October 24, 1945. 


os “hensiv e analysis of consumptive use in the western unit of the Raymond Basin — ee > 


> Se where an appreciable part of the area under consideration is devoted ies ~ 


_ investigation as referee in an adjudication of water rights,® ‘the Division of “a vent : 
a 
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1 KRAMSKY ON © CONSUMPT! 


Angeles County. This. area encompa asses 101,000 acres, in which 
industrial installations are located with oil refineries predominating. More 
than 40% of all applied waters (excluding rainfall) in the: West. Coast Basin 
are used for industrial purposes. sand? bosates 
ore The large proportion of water used by industry, and the preponderance of __ 
A water evaporation processes involved in the refining of oil, indicate that in- 
_ a dustrial processing accounts for a a major part of the consumptive use of water _— 
the West Coast Basin. u use is in addition to, and entirely unrelated to, 
the the normal evapo-transpiration losses from the ground surfacen. 

; ve 8 Surface losses in the West Coast Basin were analyzed and evaluated by the 
conventional methods demonstrated by the author. _ Consumptive use by in- = 
dustrial was measured by comparison of industrial water 

age effluent, based on the assumption that industrial 


oi 


waters are of by either consumptive use or discharge as s industrial 


ber of tie. dus. | Applied] trial | yse- | Applied] trial 
Total indus- | process | | indus- | process 
aa Art sewage trial con- | (%) | trial con- 
water | sump- | | water | sump- 


1946-47 
1947-48 


waste is a consumptive u use by industrial processing. i 
Ri, _ Applied waters in the basin were segregated into three broad classifications: 
Municipal, industrial, and irrigational. _ Municipal use was estimated by apply- 
ee ing the average water demand per dw elling 1 unit, as s determined from detailed — 
: _ studies of representative water distribution systems, to the total number of _ 
dwelling units in the | basin, taken from census reports and studies of the Re- - 


Commission of Los Angeles County.” ‘The 


— 
| 
1 
— 
— 
— 
— 
— 
— 
1932-83] 70,400] 0.237 | 16,700 | 10,000 | 15,800 | 5,800 | 14,300 | 8,500| 59 | 22,700|13,500 fo 
— 71,200] 0.237 | 16,800 | 10,100 | 14,600 | 4,500 | 14,300 | 9.800] 68 | 22,600 | 15,500 
| 75,400) 0.237 | 17.900 | 10,700 | 14,700 | 4,000 | 12,900 | 8.900 | 69 | 20,700 | 14,300 
83,100] 0.237 | 19/100 | 11,500 | 16,200 | 4,700 | 18,100 | 13,400 | 74 | 26,700] 19890 
4936-87] 85,000] 0.237 | 20,100 | 12'100 | 14,600 | 2/500 | 18,400 | 15,900 | 86 | 27/400 | 23,700 
89,100] 0.237 | 21,000 | 12,600 | 16,100 | 3,500 | 18,200 | 14,700 | 81 | 25,800 | 20,800 3 
92,600) 0.237 21,900 | 13,100 | 16,800 | 3,700 | 19,700 | 16,000 | 81 | 29200 | 23,700 
1939-40} 98,000] 0.237 | 23,200 | 13,900 | 18,600 | 4,700 | 18,500 | 12,800 | 75 | 28900) 21600 
a =—S—(itéi‘—é—sCS*é«KO-41] 110,000] 0.224 | 22,900 | 13,700 19,800 | 6,100 | 21,200 | 15,100 | 71 | 32,200 | 22,900 4 
1941-42 | 116,200 | 0.241 | 27'900 | 16.700 | 22900 | 6,200 | 21'800 | 15,600 | 72 | 33500 | 24000 | 
122,300) 0.268 32,600 | 19,600 25,200 | 5.600 | 24,000 | 18.400 | 77 | 42'400 | 32'500 
1948-44 | 135,100 | 0.260 | 34,900 | 20,900 | 31,000 | 10,100 31,200 | 21,100 | 68 | 53,900 | 36,400 
ee a 1845 139,700 | 0,277 | 38,500 | 23,100 | 33,400 | 10,300 | 39,200 | 28,900 | 74 | 67,300 | 49,600 = * : 
1945-46 | 145,800] 0.320 | 46,400 | 27,800 | 36,200 | 8,400 | 32,900 | 24,500 | 74 | 56,400 | 42,000 
151,900 | 0.296 | 44,800 | 26,900 | 36,200 | 9,300 | 28,900 | 19,600 | 68 | 53,400 | 36,200 
161,700 | 0.299 | 48,100 | 28.900 | 38.400 | 9,500 | 38,900 | 29,400 | 76 | 57,500 | 43,500 Al 
——— 169,600 | 0.298 | 50,300 | 30,200 | 40,900 | 10,700 | 44,600 | 33,900 | 76 | 62,900] 47800 [fF | 
| | 0.283 | 51/300 | 30,800 | 48,100 | 17/300 | 48,600 | 31,300 | 64 | 67,900 | 43:700 
wastes. It was assumed that the industrial water used for purposes other than 
industrial processing and incidental sanitary use was negligible. Under these | 
_ 


ON CONSUMPTIVE USE 1013 


irrigation was ascertained by examination of the records of the various water ~ i 
producers and distributors. The remaining applied water was assumed to 
1e volume of industrial waste was ev iodinated: as the difference between | 
- total sewage and domestic waste, as presented in Table 2. A count of the wae 
total number of connections in the basin was | converted to an equiv. tr 


g units sewered : area. Domestic waste was 


‘Some t between water and sewage in representative residential areas. ee 
x 
- The remaining sewage was considered to be industrial waste from the sewer ed 
Industrial waste in the basin is disposed of through th the sever eral ‘sewerage 


s ystems 0 r by dischar e into Doming uez Channel, a surface water course. _ 


_ Since industrial waste ‘determination has been limited to that portion diss 
charged into the sewerage system, it was necessary to determine the corre- ne 
sponding volume of industrial water served to the sewered area. was 
accomplished by deducting the water supply of industrial installations tri- 


to Domingues the total applied industrial water, 


ess ‘consumptive use in “area was ce as the: difference 


between applied industrial water and industrial waste as previously evaluated. _ 
The large» volumes of water evaporated and the extensive recirculation of water ae 
effected by the industries are reflected in the extremely high consumptive-use a 
ee averaging more than 70% of the applied water. This ratio, as deters 
mined for the sewered area, was considered representative © of the entire basin — 
and was used to determine the total annual consumptive use by industrial 
aa Since consumptive use by industrial processing is not amenable to analysis — 


and determination on an acreage basis, the techniques presented by the author — a ee: 3 : 
not to this problem. A reasonable estimate of in- 


“he 


not be undertaken unless the cultural development of the a area under Raguberog a 
ation ‘includes large. industrial establishments whose consumptiv use isan 


appreciable item of water disposal. 


Waa | wiks 
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volume OI applied industrial water with the resulting industrial waste. Kval- 
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L CASE IN RIO GRAN 


inert! 


MEssrs. Isom H. Hae anp GEoRGE WHETSTON 
RR. McDonatp; anp Rosert L. Lowry 


lar 


a a sections of the Rio Grande is a problem of national interest. The beneficial 4 
- use of water in this river basin has increased in recent years only a 

of nonbeneficial uses and careful husbanding of all available 


lost because of the n natural channel and to indicate the method 


determined is shown in detail. The effect of river control is analyzed, and 
recommendations are made for the the Panning of ‘Projects. 


Wi th of southwestern of the United States almost = 


_ made to realize that the major opportunity for further expansion in irrigation 

rests in the possibility of converting nonbeneficial consumptive uses to benefi- 

cial purposes. The nonbeneficial uses in some areas are exacting a heavy toll 
EX _ of water and consist largely of the water demands of native vegetation plus 
ee : losses incident to evaporation from swamps and badly deteriorated stream 


channels. In many uae the areas covered by native vegetation that ae 


rapi 
no exception to the general rule. Y Any further expansion in n irrigation in » the 
_ Rio Grande Basin upstream from Fort Quitman, Tex., will probably have to 


~ come through what now seems the one remaining © opportunity to pee 


_ Norsg.—Published in November, 1951, as Proceedings-Separate No. 97, Positions and oe given ar 
those in effect when the paper or discussion was received for publication. 
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additional —a reduction in the natural Most of the available 


. E = of water use and control in the Rio Grenie Basin hes become a - 


‘Reservoir Development. reservoirs have constructed throughout 


or actively contemplated? (1950), willa add another 8, 500, 000 acre-ft 
of storage c capacity. - These res reservoirs provide a controlled water supply for the aa: 
= eres of more than 2,500,000 acres of land, of which about 1,780,000 acres 
are in the United States, with the remaining 720,000 acres in Mexico. ts ae 
Losses Through Nonbeneficial Consumptive Use.— —In the Rio Grande Basin Cie 
a the most notable example of stream depletion by nonbeneficial consumptive 
use, for which there is some hope of relief through remedial measures, is that 
Of the area of more than 15,000 acres at the head of Lake McMillan, on me + 
” Pecos River in New Mexico, now covered by a dense growth of salt cedars. — 
ms plan of the Bureau of Reclamation (USBR), United States Department of a . 
a _ Interior, for by-passing this area with a side channel has been developed Ya 
4 the expectation that an annual: saving of from 30, waa to 40,000 acre-ft of water 
By. Another area in whieh nonbenefical us uses are large i is is the } Middle Rio Grande aoe 
- Basin in New Mexico. A project to bring about improvement of this condition 


: by channel rectification has been jointly submitted to Congress by the — i 


sion of noa beneficial uses to beneficial uses is afforded by the records for the 
El Paso-Juérez Valley of the Rio Grande. Soon after there began 
4 a ‘a steady. expansion of the irrigated area of this valley without any appreciable — 4 ve 
_ change in the water supply. This continued expansion has been made possible me 


g by a marked decrease in the natural losses between E] Paso and Fort Quitman. 
es Bh _ Data on inflow and outflow for this reach of the river have been assembled bon 
a“ are shown in Table 1, The determination'of these natural losses was We 
made as the result of an inflow- outflow study covering the 49-yr_ period from 


1900 to 1948. Most of the inflow to the area (Col. 9) is measured i in the river ae 


“minor quantity, cont contributed by the normally dry arroyos between El Paso ‘hud. a, fia 
= 
Bs Fort Quitman, was as estimated from the records by the Hydrographic Office of i - 
#“Ten Rivers in America’s Future," The Report of the Water Resources 
sion, Vol. 2, U. 8. Govt. Printing Office, Washington, D. C., 1950. 
§“Falcon Dam ulates Irrigation in in Maxie ering , May, 
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consummated, it is expected that a substantial saving in water in that area 
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‘the United States ‘Section of the hh International Boundary and Water 


: :4 sion (IBWC). The « outflow from the area (Col. 10) has been measured since a 
1924 at the Fort Quitman gage. Estimates for the period 1900 through 1923 be 2 
were based largely on the records at El Paso and the Upper Presidio (Tex. % s 


The between the inflow an and outflow represents the total = 


ABLE 1 DEPLETION IN THE | Eu Paso-JUAREZ 


SrreaM DEPLETION IN | River FLow 
a THOUSANDS OF AcRE- as ‘THOUSANDS OF 
rainfall¢ | 4° 
(acre-feet | (feet) P 
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NN ms to note 


on the average 
4 Col. 3 minus j 
gaging 
al 


— 
— 
— 

— 

— 41.5 s | 10488 

— 54 | ‘7272 | 251; 
2754 | 1558. 3208 
385.1 | 231.0 | 875.7 
— | 2 

| 
1944 123,203 | 0.68 3584) 7.2 | 

7 ‘ ords of liey. 85 2 Col. 10 
From the perature in the Col. 9 minus Col. 
2 times Col. 5. 


a 


CONSUMPTIVE ct = 

stream depletion or that quantity of water lost from the river ce this area 


(Col. 7). Obviously, this total stream depletion includes tl the uses of water by 


irrigated crops, as well as the natural losses. Losses ¢ of water by evaporation 


\ from the surface of the stream or from open water in swamped areas have ben 
2 included with the natural losses. In order to reduce this total depletion t tqits 
component parts (use by irrigation and natural losses) it was. necessary to 


_ make estimates of the consumptive use on the irrigated area. Each year since be pre 


a 1900 the area listed as irrigated (Col. 2), including the lands in both the United Bi 
States and Mexico, was based on from. the El Paso 


F Office of the USBR and the Mexican Section of the IBWC. _ Unit consumptive ed 


use was determined from the relation established bya a number of inflow- outflow a 


 studiest as indicated i in Table 2. Ww ere taken from the 


sumptive em- 
Station or State use. | perature 
het ty ‘arenhei 
Colorado 
Carlsbad Project . New Mexico 2.94 
Messilla Valley . .-| New Mexico-Texas 
Rio Grande Valley. Mexico 


United States Weather Bureau 
Colorado Water Conservation Board 
Bureau of Reclamatione 

Bureau of Reclamation* 
Bureau of — 
J. L. Burkholder? 
Bureau of Reclamation 
Bureau of Rec 


wo 


ban 


Qan 


} 
jee) 


Li! 
mie: 4) 
WO 


La 
Fort Stockton 


“so Olt 


@“Consumptive Use of Water for Agriculture,” by R. L. Lowry, Jr., and A. F. Johnson, Tronaaqiions, 


the period since 2 the W eather Bureau station was moved from dow ntown El oe 


Paso to the municipal airport, 7 miles northeast of the city. Rainfall records 


4“Consumptive Use of Water for Agriculture,” R. L. Lowry, Jr., and A, F. Johnson, » 
ASCE, Vol. 107, P- 1243. ‘ 
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considered as effective in order to prevent aduplication 
Bs irrigation and deducting that quantity from the tota 
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100 000 Acre-Feet 


>, 


WIA wy 


WAN 

(b) CHANNEL LOSSES IN PERCENTAGE 
OF TOTAL INFLOW 


Outfiow at Fort Texas __ 


irrigation 


i“ 


fea, | 


Total Stream 


© TOTAL IRRIGATED AREA EL PASO, TEXAS 
. TO FORT QUITMAN, TEXAS 


1000 Acres 


is 
&o 


(f) APPARENT IRRIGATION DEPLETION PER ACRE 


2 


Depletion (Acre- 


‘Ft per Acre) 


oul 1945 1948 
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a Fie. 1.—Srream Depuetion Data in THE Et VaLLeY or THE Rio GRANDE 


Vile 
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“different elements ‘the calculation have been plotted in Fig. 1, which is 
The lov lowest section of the figure shows the depletion 


Analysis of Results.— —Fig. Lis significant in that i it emphasizes the 
1. The steady expansion in irrigation from 10,000 acres in 1900 to more 
- than 120,000 acres in 1948. — The drop i in acreage in 1902-1904 was caused by .. 
The more-or-less constant inflow to t the’ area since Butte 
Reservoir (New Mexico) started storing water in 1915; and ps ‘ 
constantly denreasing channel losses or nonbeneficial uses. 


_Tvignton uses that amounted to 25, 000 acre-ft_ in in 1900 have —" 


ie. has been decreasing, : as 5 indicated by Table 3. Channel losses, w BX, 

were practically the same during the early half of the period, have fan eae 
= rapidly since 1924. Although less and less water i is being released for irrigation = 
7 the | acreage irrigated continues to increase. This « expansion is being accom 


plished by the conversion of what were previously natural losses to beneficial — ae 


yi Several factors that have resulted in a saving of water have contributed 


ie to this conversion from nonbeneficial ‘to beneficial uses. - Prior to 1915 the as 


Fiver was uncontrolled. A major portion of the total runoff i in the Rio Grande — 
form of snow-melt from the ‘TABLE 3.—INFLOW AND CHANNEL 
headwaters area. This si situ- ale Loss—Et Paso-Judrez VALLEY bets 


4 
ation resulted it in the ‘usual 


long periods: of low flow. I rey 


floods occurred, the banks were bi ; 


of swampland were submerged, 1 1915-1924 700,000 | | 
1925-1937 130 562,000 | 91,000 
with high natur natural 1938-1948 535,000* 39,500 


bee, 


of 1942 when approximately 1,000,000 
small spring floods and no over-— spilled from Elephant Butte Reservoir. 
flow, natural losses were r rela- 
tively low. Since two drought pas 


e channel losses were somewhat lower than for the 14 
Since the beginning of ‘storage in | Elephant Butte Reservoir (in the 
river control through this section has regulated the annual snow-melt floods. am 
Lands that had previously been swamped, however, , continued as heavy water — 


and the need for at an early stage in the project became ne of 
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CONSUMPTIVE USE 


the end of 1024, and the irigated area 


‘The next 13-yr period (1925 through 1937) was marked by further i irriga- 
expansion accompanied by a great decline in the natural losses. Irrigation 
_ inereased rapidly until an average of more than 100, 000 acres of of irrigated | land q 


c .* was reached. Natural losses averaged o1 only « 42% of the e average that prevailed 
=u during the preceding period, and as the area became more fully developed the 


_ natural losses were more nearly confined to the limits of the channel itself. 
By y the end of 1937, the channel rectification through the El Paso-Juérez 


a ¥ we practically completed by the IBWC and resulted in a further 


duced a straightening 


AVERAGE ANNUAL shortening of the. river channel 
Avng between El Paso and Fort Quit- 
man, reducing the channel 


irrigated 
Total length from “155 miles to ap- 


Fort 
ue to at 
proximately 88 miles. for 


22,400 | 263.600 | 53,700 | 637.000 the period 4 (1937- -1948) 


"1988-1948 119/200 | 345,400 | 305,900 | 189;7000 s ow a still further expansion in 
i irrigated area, to average about 

000 acres during the period. 

This increase of 19,000. 


| 


“made possible by a oiiliibins in the natural losses from an ‘average of 91,000 


-acre-ft per yr to 39,500 acre-ft peryr. the ealulation 


A feature that is noteworthy i in Table 4 is that the total depletions of ri river 


water have ‘Temained practically constant since the river was controlled by hie 
Within that same interval (1915-1948) the irrigated 


ne Elephant Butte Dam. 
area has increased from 38,000 acres to more than 120,000 acres. = ‘@ 


— oY Te ‘The procedure that has been so successfully employed i in this area can be 

RS i equally ' well applied to other areas. It involves one or more of the following 

one a. Regulation of the river by storage; ebook d 


Full development of ‘natural resources in the Boath west cannot be 


Ba and any further expansion in irrigation is limited until the natural losses —_ 
been reduced to an n economic minimum, 
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HALE AND “CONSUMPTIVE USE 


DISCUSSION 


has been that the program defined at the end 
this paper is effective. The data in this _paper—applyin ing as they do to. 


years of unregulated flow followed by nearly 40 years of progressively i increas- * 
ing regulation —fill a gap in hydrologic literature by demonstrating, quantita-_ 


ely, a measure ‘of this effectiv eness. 
phase of nonbeneficial use, upstream from El Paso deserves 
2 e recorded. As Mr. Lowry has mentioned, Elephant Butte Dam was 2 
Bex, in 1915, and the reservoir functioned for many years thereafter as a i 
single- purpose seasonal storage facility. From 1938 to 1940 a _ power plant fa 
was added at this dam, and a second dam was built 20 miles downstream, = 
creating Caballo | Reservoir v with a volume of 346,000 acre-ft of which 246, 000 i +5) 
were reserved for: regulating pow er releases from Elephant Butte Dam. 
- Although Caballo Dam and Reservoir have undoutedly been a means of si 
"permitting the operation of the power plant at Elephant Butte throughout 
the year r rather than. only in irrigation s season, they have also had the adverse ~ 


effect of creating a large lake i in an area rate. 


oir loss due to evaporation, , minus rainfall, 1943 to 1950, inclusive, 


was a about 42,600 acre-ft, not including losses during ¥ winter months to w aters: 


stil be e employed to would be to substitute for Caballo Reservoir, 
with its seasonal storage, a a new daily o or W reekly reregulating r reserv oir - with a 
volume of perhaps 5,000 acre-ft (the maximum daily power releases having 
been from 2,400 to 3,000 acre- ft) and then to operate Elephant Butte as a 


pumped- -storage installation. antage of this progedure would 


following off-irrigation | season. may be ill illustrated by. the 
Bs following the 1942 season when Caballo Reservoir was almost full and facing eee 
a period of power releases from Elephant Butte Dam with no place 2 to 
_ the water. . Int 1951, there was an extreme need for such water. net 
-y instructive to compare the past operation of Elephant Butte since 
1942 with that outlined in this discussion—that is, using pumped storage — 
facilities at Elephant Butte, in lieu of Caballo Dam, for regulating power a 


Jeases.. The release lost during abe following the 1941-1942 


§ Hydr. Engr., International Boundary and Water Comm., El Paso, Tex. = 


Associate Prof., Civ. Eng., Texas Technological College, Lubbock, ‘Tex. 
1 Water No. 18, Comm Paso, Tex. oie 


— 
in bet iia 
— 
| — 
— 
ia — 
— 
— 
— 
— 
— 
— 
ah — 
if 

= i 
q 
average annual prevented losses, due to avoiding the annual use of Caballo 
j storage for power releases would have been approximately 20,000 acre-ft during 


the 8-yr inde 1943-1950, or a total of 160, 000 acre-ft. This i is very conserva- 
a tive since 20,000 acre-ft are e not quite half as much as the av verage annual loss" 


; om computed for Caballo Reservoir for the period since 1942. This means that 


Elephant Butte. . Due to the increase in stored waters in “Blephan 4 
; and resulting increase in power heads, the net effect on electrical energy po- 
oe tentials would have been an increase throughout the period with the same 
one quantity of water released. Pumping | operations | on a day after day basis — 
would have been necessary only during the ‘off-irrigation season, October to 
February, or on an average of of each year. 
| fa H. R. McDonatp,® A. M. ASCE. —The data in this paper demonstrate 
fp = the magnitude of f nonbeneficial depletions in a stream channel under natural = 
gin conditions. pik The methods that have been used so successfully i in the El 


Paso-Juarez_ Valley undoubtedly could be to 


> 


in this reach ) at Fort 

“eres contiguous areas irrigated in |” are noted to have been decreas- q 
sing since about 1905. The aver- 


areasin| outflow from 1937 to 1948 


i equaled or exceeded the “‘econo- 
473,129 mie minimum” mentioned 
nized that, in order to maintain crop production and to prevent the development 
of saline or alkali soils, an approximate balance must occur between the cn a 
ar inflow and outflow of the total soluble salts. This balance may be only a 
because of the base exchange complex between chemical constituents — 


Normally the return 


Engr. Hydrology Div., Bureau of Uv. 8. Dept. of the Interior, 


— 
— 
— 
— 
< 
# 
— 
ae - ee ect lands with the same volume of water during the neriod _In additian ae 
Mr. Lowry has shown that there has been no significant change in tota. 
4 stream depletions in the El Paso-Judrez Valley since 1915 following the regula- | 
stream flow by Elephant Butte Reservoir, although the irrigated 
acreage has increased more than threefold. There is probably no important ii 
4 en j area not yet developed where such large reductions in nonbeneficial uses could _ iy i 
TABLE 5.—Torau Dissotvep Soups planning for the development 
— 
= 
— 
— 
— — 
— 
— 
flow from an irrigation nroiect igs much more hichly mineralizec 
— 
— 


“irrigation water applied and relatively high of the more % As 
> golable salts. — However, there is a ‘Point beyond which the salt concentration me 


3 7 cannot be tolerated permanently. Tne effect, this fact places a limit on the ai 


=. extent of beneficial uses and thereby the ‘irrigated acreage ‘that can | be de ee 
veloped, | unless further reductions in nonbeheficial consumptive uses can 


‘Table 5 shows the changes in total dissolved solids at ot ‘along 
the Rio Grande from Elephant Butte Dam to Fort Quitman.’ 


Roserr L L. Lowny, ASCE— In general, the discussions of this paper 

i.“ indicated general agreement with the main theme of the paper, which is 

that—future expansion - in irrigation throughout the Southwest is mostly _ 
3 limited to such s savings in n present nonbeneficial uses of water as may be possible. 


a saving in some ingtances by a a more efficient operation of the existing reservoir 
systems. The method outlined for a possible saving of water on the Rio 
by Grande, which would greatly benefit the irrigated area that is the subject of | 
worth while. It is to be hoped that the TABLE 6.—ToraL DIssOLVED 
authorities of the facilities involved VALUES, 1931 
2 give the suggestion proper consideration. 1949, INCLUSIVE) 
question raised by Mr. } ,MeDonald_ of 


Tons per 
concerning the ‘salt balance in the aging | ‘acre-fe | Total ton 


that 


the fact that operation of the during ‘15. 
years following publication of the > data for | 1936 sho showed the be 
*“The Rio Grande Joint Investigation,” N National Resources Committee, Part VI 


(ee " Water Bulletin No. 19, 1949 International Boundary and Water Comm., El ‘Paso, 1 


— 
— 
— 

— 
— 
— 

a — 
— 

- 
Grande applies to all irrigation projects. Paso.............] 1.11 | 634,000 — 
‘The data on total dissolved solids cited Fort 231 543,000 “aks 
in’ ‘Table 5 were for the period prior to ‘ 
| ~———s some improvement in the salt balance in this area. Table 6 sh _ = 
_ change in total dissolved solids for some of these same stations for t 
— 
| 

— 
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ITH BY Messrs. Dav ID . Topp, “Max SUTER, 


Be 


y _ Over a period of years the Los Angeles County - Flood Control District in 


under the writer’ direction, has been engaged in in water reonservation 
by the diversion « of clear stream flow to off-channel areas, causing the water to 
_ percolate into the soil from shallow basins and thereby adding it to the ground- 
supply. ‘This operation is is known as spreading, and the areas upon 
whieh it i is performed are called spreading | grounds. 3 
In the course of spreading a mound will be formed above the initial ground- 
table. The mound will be two dimensional or three dimensional, 


depending on the shape of the spreading ground. The recharge of ground 


intrusion into ground- is of particular significance. The 
on configuration 0 of the ‘mound, its limiting magnitude, its effective, temporary q 
Le oe water retention both as to volume and time, its flow net for potential flow, a 
Se ate the drainage of the water stored in the mound are analyzed in this paper. __ 4 
= ge et Finally, the theoretical results are compared with results derived f from model . 


ae: The mound is two dimensional if spreading is done from strip areas and . 
ny three dimensional if the area approximates a circle. The height H to which — 
ae a mound may rise during a spreading operation depends on: (1) Rate (q.) of 4 P 
spreeding—that is, the rate of infiltration; (2) duration (T) of spreading; 


permeability (K) of the soil; (4) of the soil; (5) vertical dis- 
tance (D) between the initial ground-water surface and the ground surface; + 
3 ’ Nore. —Published in August, 1951, as Proceedings-Separate No. 86. Positions and titles given are <., 


ose in effect when the paper or discussion was received for publication, pili acaprra 
1 Asst. Chf. Engr., Los Angeles County Flood Control Dist., Los Angeles, a pais pay 
3 ‘Correlating Flood Control and Water Supply, Los Angeles Coastal Plain,’’ by Finley B. Laverty, 
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GROUND-WATER SPREADING 
©) depth ( (a,) between initial ground-water and impervious stratum 
%) slope (7) of the i impervious stratum; and (8) horizontal distance (La) ‘to _ ae 
control through which the downstream boundary conditions are -uniquel 
The > mound phenomenon must | be divided it into | four distinct phases. fhe 
- first three occur during its growth and the fourth phase during its disappearance 
First Phase. e-—The first phase consists of a mound wave created when 
e inflowing. water is ‘being put into storage, necessarily above the initial 
"ground-water surface. For constant inflow g, this wave must grow in mag- 
_ nitude and thereby represents a case of unsteady flow. The growth of this 
£ wave continues until a boundary is reached. The boundary in regard to 2 
is called the “lateral control,” as represented by 4 river, a or? oratrench. 


The boundary i in ‘regard toy is 3 called the ‘ “potential control. 
The Second Phase —The second is tr sitory. It begins when: 
 @ The wave front reaches the lateral control, or (b) the wave crest reaches — 
the potential control. In case (a), the wave length L has reached its maximum 
fe ‘ value. Discharge now begins and increases until it is equal to the inflow Jo . 
3 In case (6), the height H of the wave remains constant while the length L Rees 


. increases sand, in the absence of a lateral control, theoretically becomes infinite 


occur during the third phase. Under these ‘conditions potential flow will — 
develop, and the storage in the mound will reach its maximum for a constant 
inflow qo. It may greatly exceed available surface storage. 
The Fe ourth Phase.—If the mound has reached equilibsiuza in the presence 
of a lateral control and if spreading is d discontinued suddenly, it will drain 
‘ited i in the course of time. If the mound has reached the potential control — 
in the absence of a lateral control, and if spreading has subsequently been 
‘until, theoretically, the inflow q. has become zero and the Wave 
length hecome infinity, then this mound will never drain itself as long 
i. as there is no extraction from it. This serves to emphasize the fact that the 
- drainage phenomenon is primarily related to the existence of a lateral control. 
a General Cor nditions.—The mathematical analysis of the mound phenomenon 


ies is based on the Darcy law** of percolation of water through sand. This law re 
ag valid as long as the flow is laminar. Laminar flow is governed by the ue 


_ Reynolds** number R.  M. Muskat’ and others have found that, for sand, 


fontaines de k la ville Dijon,” by Henri Darcy, Dalmont, 
‘ “Recherches physica-mathematiques sur la théorie du mouvement des eaux courantes,” by G. C. F. ane 
M. R. de Prony, Mémoires de l'Institute National, Paris, France, 1804. 


§“Papers on and Physical Subjects,’’ by Osborne Reynolds, C . J. Clay and Sons, 
§“The Two Manners of Motion of Water,” by Osborne Reynolds, Proceedings, Royal Inst. of Great 


™“The Flow of Homogeneous Fluids Through Media, M. Muska MeGrat -Hill Book 
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> =e tien of flow which, admittedly, 18 not in keeping with natural soils. 


ae 1a Porosity of the soil and slope of the impervious stratum may be expressed by od 


Generally, the storage in the part of the ‘mound. directly ‘beneath the 
"spreading ground is small as — to the total storage. Therefore, it 
be neglected except in specialcases. = 


The slope of the impervious s stratum is generally small, namely, 


I- —THE ‘TWO-DIMENSIONAL FLOW OF THROUGH 


-1—ANALysIs OF Unsteapy Grounp-Water 


Outstanding among the classical presentations on ‘unsteady 
flow i is the to M. J. Boussinesq.* derived the differential equation—_ 


wt 


—which expresses this phenomenon and in which z y 
Ee} of the free water surface. If the flow becomes steady or stationary, Eq. ee a 


that, in ground-water flow, the slope of the surface and the 
Ses. _beight of the mound relative to the initial ground-water depth a, are small, 
Boussinesg proceeds in neglecting and in making y = Hence, 


1 reduces to 
Considering the fact, however, ‘that in connection with, 


water phenomena related to spreading, the term i Oy of the same 


ear 
of as ( 


ie 4 “Essai sur la théorie des eaux courantes,” by M. J. Boussinesq, Memoires é rv Aendtonts des Sciences de 


— 


— 
~ 
ay 
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be 
= | 
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il 
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GROUND-WATER 


ible with equal ju tifcation. are of opposite sign 
asi ax are of e equal sign. ‘Their then, i is order 


5 - mation than | the neglect of éy only. The exception to this rule and its 

y: 
a significance will be referred to in its proper Pee With this neglect, or fo 
q 

2 


‘| this three quarters ofa century a ago. 


Analogue Solution; Bar of Finite Length” (First, Second, and Fourth 
eo —Based on the analogue of the flow of heat through a prismatic, non- Lag: 
radiating bar of length Lg with a continuous and constant heat source at the 
origin = 0 (spreading ground) and constant temperature at the 
end z = Le (control), the following solution for the first, ‘second, and fourt 
phase of the mound phenomenon v was s developed for i ~ 0. 
The Growing Mound Between Spreading ‘Ground and the e Control: irr: 


simplify 


tas may be y be verified through differentiation tha ‘that 

isa particular solution of Eq. 4 in which C,, C2, Cs, and @ are arbitrary con- a = iN “ 

stants. It does not satisfy the boundary conditions for the growing mound 
Based on Fi ig. 1, these conditions are + 


y’ = Oatz = Ly for r all values of t in which 0 < Le <2; ; and 
ased 0 on the fundamental that y upon which 4 is 


K -t)} (Le — 2) 


_ is the the stable mound att = The relations— 


= 
pole Ay DAP eit" wit 


HP. 


a Heat in by H.8. Carslaw and J.C. Yaeger, Oxford Univ. Press, Orford, 
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Ka 
mes: 


er. stator 
a Fourier series expansion for the equation of the stable mound is bs 


La 


do 


 (2n—1)r2 


The Disappearing Mound Between the Spreading Ground and the 


trol .—The boundary conditions now become: 


= Oat z= La for all values of t; and Nts 


=0 at = for all of z. 


Le wee” 2n — 1) 

se 8 tq 

The General Case of the Unsteady Mound for 0. was 

"predicated on the presence of discontinuity immediately upstream f from the 

spreading ground, for example, in the form of a basin barrier. Ih the abstace 


of such a the growth of the mound downstream from the 
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are three zones to be as indicated in Fig. 1. 
of the stable mound will be analyzed i in & Subsequent sections 


the distance above, the initial ground- water surface. a constant 
ground-water! flow q K ay i: wk 


-K@ty) 


eid 30 


& 


= = 


7 — 
Vi 


ak 
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) cod After neglecting B and all but the first term, an .n approximate, e, linear equa- 


a stable mound will now | be : considered approximated by Eqs. 7 and 14, % 

as indicated by dash lines in Fi ig. 1 — A Fourier series, to describe this s stable, ‘ 

mound i in one equation, with the origin at — os ground, ual ae 


545, 
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GROUND-WATER SPREADING 


<2 < La and Le +La- 


the g growing mound are necessary, zone 


cos +L. — La] 


(17a) | 


— 


ta 


and for zone I— 


can be verified that Eqs. 17 have identical values = 0. 
_ Eqs. 16 and 17, with the previous | equations | defining La, Ly, and H, cor con- : 
> - stitute a general solution of the shape of the unsteady mound within the limits — 
ae the initial assumptions and approximations made. Fig. 2 shows the con - 2 4 
figurations at various times ¢ for the growing (dash lines) and the disappearing — + 
(solid lines) mound for the following numerical values: Lg = 4 ft; = 


Pe. Br oes van ft per hr; K = 25 ft per hr; a, = 0.5 ft; and w = 0.15 for a growing meee 
dash: line i ‘in Fig. . 2) and 0. 06 for a draining | mound (solid line in Fig. 2). These 
a correspond to those in the comprehensive model tests, except that i ~ 0. . 
we it is interesting to note a division of flow from the spreading ground between a ie 
I and III during part of the growth. This conforms to the requirement 
synchronous g growth of the two zones at z = = 0. The initial 
i -silleas is checked during this period and goes entirely into storage in zone ® > 
fy a oe feature is of particular significance in the control of sea water intrusion. 
ans. shows that the latter is checked when the infiltrated fresh water reaches = 
saline ground-water table. To maintain control indefinitely the rate of 
_ infiltration must be such as to cause rise of the mound to at least | ‘mean sea 
= level. T he use of recharge walls for this purpose will be discussed in the > 
chapter on three-dimensional flow. j= 
ad eee: Eq. 4, which forms the basis for this solution, holds true strictly for i= ’ 
ae ae although it should lead to satisfactory results for i+ 0 so long as 


and i are e small, the same order of magnitude ‘and opposite in 


sign. The latter ‘condition 


- 
— 
By. 
4 
a 
— 


ial 

mound configuration of this discrepancy i is in the light of the 
_ mathematical simplification thus achieved. Hence, mathematically, the base 
the triangular mound i is horizontal. This. gives ri rise to a outflow 


Distance, in Feet From Point of Inflow 


a at the upstream ‘end ar and dad discontinuity i in slope because of the approximation — 
the upstream curve by a straight line. To conform to the physical system, 
the mathematical system must be superposed on the sloping base. | ‘The 
sum of the mathematical outflows at the two ends corresponds 
he effective pore volume i in the triangular mound, ‘drained during time t. 


The flow at any section is: ee 


Hence, the outflow at the control ducing the disappearance i is Gest oo 


Ka,LH"2 


i 
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PSR cit 
of 
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= 
and during the gro 


F Le Eqs. ‘16, 17, and 19 express the conditions for the ‘symmetrical 


Whe 


z-axis so as to be parallel toi 


in 


at C =H, +24, (240) 

23 and in Eq. 22 and solving for y 
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Te 
4 
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eee 
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‘The quantity iy is neglected 
Eig. 20 and integrating: 
— 
——— 
— 
— 
— 
— 
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‘ 


N in Eq. 28 and solving for M and 
Ey 


U- = dby = +U ; and | neglecting 


‘The backup curve in zone I is by 12b. Hence the configura- 
tion of the stable mound for ix 01 is @ a steady curve, , expressed by Eqs. 25, 30, 


= Equations For ‘Unsreapy Fiow 
‘The Unique Flow Function—First Phase (Zone III).—In view of the limi- aa ee 


valid only within these limitations, namely, y Ka, and and is very small. 


Although the latter condition is reasonably satisfied in with these 
4 oF phenomena, the former quite often is not. Hence, it was desirable to find a 


~ 


» unique function g = : f(z) for unsteady flow which is in close. agreement with 


v tations imposed upon Eq. 3, it is axiomatic that the respective solutions are ‘- a oe “5 


ead ch is er 


those based on Eq. 3 within the imposed limitations but which permits extrapo- 


gat = 0, in which is that flowing into zone III; 


Pes 


é which is a linear, fractionalne — 
atituting s =s+M and b " 

result in the homo 
geneous e 
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GROUNDWATER 81 SPREAD 
The first thr 


an exponential fun function is — to ore condition 4., All four =e 


; 


(1 


2) > 


Te. 


since iy may be again and pro ity oa 


La’ = -y + a) dy’ + id: (36) 
ing for g and integrating oa 


dz’ 


‘The on the left side (which represents a small fraction of the area 4 


of the mound wave) may be simplified; thus 


— 
a 
— 

a 
— 
"4 
a 
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“ 


+ (a! + (a! + — =C... (39) 


ey The quantity q’ flows into zone III. The ‘remainder of Qo flows into storage 
in zones II and I. Except for a short initial period, the storage in zone II 
may be neglected. Hence q’ follows from the condition of ‘synchronised: 


‘tz’ =0. Ford = 0, and neglecting zone II, q’ = q.- tou 


by Eq. 40. On the other hand the configuration of the stable mound 
a _ is expressed by Eq. 25. If the approximate time 7. of the transition is to be 


Le finite (for example, the tim e during which (2. of the transition takes aa 


)q 


we 


g must fade away; 5 must change ti Ha (which i is accomplished if 2 - a Oi in 


41 fades away) ; ‘aad must change to qo. Furthermore, at time t the 


and the mound equation for the second is 


a lateral contrel, then from Eq. 41, it evident. that for the. wave 
height to remain constant, the product L’ 


ee ae Case (a).—At the instant the mound wave reaches the lateral control at ae 
2! = L’, the discharge there is zero, and the configuration of the wave me 


"proportionally. This is strictly true fc for i= = 0 nearly so fori L’ <2 
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pe is that “waterlogging” of the ground may become critical, not only a 
upstream fr from the spreading ground but also downstream from it. se a 
First Phase.—Since the initial sround- water flow (K. a,%) remains 
a changed throughout t the wave configuration, it is evident that the water stored | 
in zone III must be caused entirely | by flow ‘and that, in order to 
1= and T’, = time required to create wave 
? and height h’. — he exact integration of Eq. 45 would be a formidable ae 
so long astisa factor i in Eq. 40 and q’ is variable. A graphical solution would = ¥ 
be called for whereby the relation between q, L’, arbitrary slopes i, 
Actually: the influence on the final result ‘of 0 < r < 0. 01 is such that it an | 
not differ significantly from that due tot = 0. 
7 


owe —@B a’, + (3 — 


‘the pore volume of the mound wave as represented 
aioe by Eq. 46 is nonce d by expanding it into a binomial which converges for 
all values 2 < L, (h + > tte tt} faut en 
= Oand z = L, from Eq. 48: 


obvious that, for a, = 0, from Eq, . 47 is just twice that from Eq. 
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GROUND-WATER SPREADING 


‘This coefficient is not 
» to Eq. 48 if z ¥ L, because é would have to be a function of z for a, Sh. 


However, for a. > h, Eq. 48 is a approximation if ¢ = 


toy 
2.00 


1.50 
s 


Vi, based on Eq. 48 and a > hi is: 


—— 


and upon integration ne “ont 9 


41 
The Second Phase, Case (a). —The | binomial e: expansion 


~The outflow qgatz = Lat any time, ¢, is: th 
and the volume J AV of water discharged during t tis: a ats 
qat — Ka, oy 55 
Since is not affected in regard tox odd add gar 
dz / 1 
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in which ha is in order to make integration possible, 


is from 4 for Thee use of this mean Permissible 
Fe 
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0 and z = z=L. values of a, the h/H is 


namely, 1/35, sand he ~ 2/3 H. Integrating Eq. 57: 


: + a, Qo) + oe 
the approximate, total accumulated outflow during the time 


in which Ay i is the: yf from from 43 for ¢ t= 4 
Using the binomial of both equations: 


pal le + a.) \2 H+ a) = based 


1 be (e = 2) ots «K (h + Qo) 2 (H + 1 


on Eq. 4, of the of the mound ‘sudden discontinuation of | 4 
has” spreading after it had reached a stationary condition has been treated in > 


, Bee Sect. 1 for the general case, i ~ (0. The following approximate s solution leads . 
a e to results which are a fair representation of the drainage phenomenon for i i: = 0. ‘a 

oe During the drainage period the flow through the downstream control is 


in which ( 3), is the slope at: At ‘the « end = 


flow _ that section will be AE Henee the slope. at that pe point must be 


— 
a? 
= 

a 
. 
“= 


tion that the varies with z: af 


(),- 


= 


which is a parabola, symmetrical about the y- -axis. 
one and the same slope (#) 

flow will have a than will the defined by Eq. 6 


fore, there i is a transition period during which the 
From Eq. 25 and i = 0 the pore v 


whereas, for the mound shape defined by Eq. 66, the p ; 


ol® 


The in volume is 


pa or st 


and | since during this ‘outflow i is assumed to be go, thetimeis 
—a,L + a’, - 


q 


a 


STATIONARY ¢ Grounp-| -WATER FLow >» 
The configuration of the stable mound for i # 0 was in Sect. 


the following. potential flow will be treated for i = 0. 
_Mazimum Potential Flow" :".—To satisfy a physically possible system of 
the flow net between the spreading ground and the lateral control, motion | ‘a 
ee “must be irrotational, and there must exist streamlines and a velocity potens 
@. Furthermore, the condition of be satisfied, which is 
expressed: by the Laplace equation 


. wit “Hydraulik,” by Ph. Forebheimer, B. G. Teubner, Leipzig und Berlin, Germany, 1980, py oo 
12 “Theoretical Soil Mechanics,” by Karl Terzaghi, John Wiley & Sons, Inc., , New York, N. mn 1948, 
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GROUND-WATER: ‘SPREADING 


of gravit 


or 7 


in which P and = unit weight of water. the 
line, Pi is constant or zero, 80 


analytic complex function,” with the added condition that = K 
along the phreatic line, satisfies the mathematical requirements of of potential 


- To satisfy the theory strictly, the surface of the spreading gr ground and © 


the control should be at a constant potential. This condition is 


aa 


y 


Introducing in into Eq. equating real and i imaginary parts, 


- Constant values for ¢ and y determine the equipotentiality and streamlines — 
=: shown in Fig. 5. The phreatic line is defined by y = gq. It is the basic — 


parabola. ‘The equation for the phreatic lineis deasileion 
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“Fluid Mechanics for Hydraulic Engineers,” Hunter McGraw-Hill Book Co., Ine., Sew 


Waseerkraft und Vol. 26, 1931, | 28. 


— 
— 
— > 
— 
— 8 
= 
— 
a 
— 
4 
| 
— 


which n ‘on be ai any number 1 
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GROUND-WATER SPREA DIN 


at = 0; hand 


at the of every § streamline is 45°. For 


— 


4 


a is that any makes with the horizontal at any 


Hence, s sin a = cos a, which is true for o a= for the dis- 
charge through the least area the slope must be 45°, which is the condition 


Maximum Flow (o,=0) 


‘This flow net represents, in 


general, the flow far from a spreading ground © 


parently no 1 rigorous mathematical solution to the 


problem “wi so far eats found. Therefore, the problem was approached as 4 
_ follows : As indicated in Fig. 5, the complete flow net for the basic aps 


calls for the discharge q q through the horizontal seepage surface between : z= 


Hence, reversing and inverting the parabola, as 


“Fg. 6, results in a double parabola. If a flow q were infiltrated between Fi 2 
% and the vertex of the inverted parabola and an additions! flow q were int s 


end] in particular the case of a narrow spreading strip from which the water 
rains” down upon the mound below. 


Oo 
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GROUND-WATER SPREADI 


Hence, the distance q = 2 q alo rey = Bis 


3 0 il) 


and the double parabola is a streamline, common to both flow nets. Elim 


nation of = q transforms this streamline into the phreatic line. 


‘Thus far, of the curve has been referred to its own. 
coordinate system. The equations of the two parabolas can be referred to oa 


and the impervious stratum y y= (Fig. 


i- 
3 and = == 


At any point on on the | phreatic line o= y 
was determined by t the 


““telaxation method,” that is, by 


fon ad ge my Solutions for Tile Drainage of Layered Soils,” by James N. Luthin and R. E. Gaskell ‘of 
hysical Union, Vol. 81, p. 505. 


=. 
between the vertex and the axis of symmetry, then at the former and 
y=2qatthe latter. From Eq. 77, ¢ = 0 and py = nq; therefore Wo’: 
ror — 
36) 
3) | 

be based on the value of ¢ = 0 at z = 
within the system. So, aty = A = 2 
4 
ola 
ag 
ed — 


om 


_ The numerical values correspond to those of the model tests on potentia = 
which will be discussed subsequently. The figures shown on the grid 
system correspond to the final approximation of the relaxation method. 
tial ‘stagnation is indicated below : a ; bonpdary approximated by a quarter 
corresponds to the on 
ee General Potential Flow. —The sesilliicias for the general | case of potential - 
-flow—that i is, for any value of a. between @/ K and H—are indicated in Fig. g: 7 
_ Three distinct stages of a, must be considered, namely: (1)0Sa,=¢/K; 
« <a< Dai and a= A, of which the first case has already 


£ (Pressure Head on Bottom) a 3 


= 
= 
= 


bin te 
the ‘second case, at dow nstream end: ne 
@+a-2).. 
and 


| 


— 
— 

— 
— 
= 
— 

— - 
wie 
— 
— 
— 


| 


"The common pi saint both parabolas is aty D + a which lies at a 


22. 3 (D* 2 Da. a, - 


t= 


(Pressure Head on Bo 


Horizontal Distance, in Inches 


beyond the « control. at the along 


at the Control. —Fundamentally the problem arises because of the 


change i in pressure along the Seepage si surface | OA, Fig. 8, relative to that sof the a 


Under this pressure condition the flow between the surface 


and the vertical surface OA = qo/K = = hy i is exactly ¢ GA 
ise If the sand downstream from OA is removed, the pressure condition ‘is 


q basic parabola. _ ‘The latter pressure is shown as a cross-hatched area Ai. Ne 


from either vertex; henee at 


al 
|e 
— 
— 
we which is zero when D = 0. AO eid? rot hoo = 
flow net for the downstream parabola for g/K a, still follows from 
— 
7 
5) 
— 
— | 
gradient between AB and OA is increased. Based on hori- 
™ 


sontel flow paths ai as & yet fair the Sow e q through 
aie ns OA ~ 1.50 g, to satisfy the Darcy law. But since the flow gq, is stationary, — 
ae saat the seepage St surface OA must adjust itself to the new pressure eanqyan. and, Be: 
reduce its The critical height i 
" the same degree of approximation as 7 it may be shown that 3 
tailwater depth 4, = 0. 60 he produces pressure on Sect. OA which is similar ~ 


the p pressure, by area in Fi ie. 8; that 


dition OA - ~ ae Finally, it is clear that for a coum] a 


=" 


2a) 


° een will always maintain iteelf between the raised, phreatic line and the 
tailwater surface. For this condition the pressure gradient between 


- and OA (Fig. 8) is constant. Therefore 

in which AL, = mean ‘ated length of fic flow path which does not differ 

significantly from that for area ABO = A; of the basic parabola. - Hence, — 


= 
and that for this 

a 
— 
— 
— 
— 
— 


sional, as shown in Fig. 9. The unsteady flow radiates | 


Th 


or the | height « of the diminishes rapidly with 
ane 
ae K 


GRANULAR 
Circular Spreading Ground—First Phase.—If spreading is on an 
area represented by a circle, the problem must be treated as three dimen- 


the 


| 
Undisturbed 

metry— 


e~ 


-2L+R 


EG dg _ gt? 
d 


a 


— 
— 
_ 
— 
— 
| 
— 
Zone T—Using a uni hat used for the t 
| 
| 
| | 
iy 
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SPREADING 


For r= R, A i and, therefore, from m Eqs. 1 109 and 


A 8 


log. > + = 75 ~ —2L+R on 


Fie. 10 


For zone II and a, > A ‘the of Eq. 108 may be wed 


rit (tos (e+ I, « R) 


3 and the 1 volume of water stored in the p poresis 


L 
2R 1?) += log. 
4 


J 


a is used i in of ground water, then R ratvet to and the storage 
in the well, may be neglected. tely: ae 


— z 
— 
— 
— = 
— if 
| 
ce 
— 


consider analogue of case as peoviounly analyzed, i in 

three-dimensional mound because of the improbability of the existence of 
-s a circular control. LL However, the analogue of case (b) is all the more important. a 
vo When the three-dimensional mound has risen to the potential control, it 
~ follows from Eq. 109 that for h to remain constant L and g. must be related — 
at all times as shown in Fig . 10, curve a. It i is based on mn typical numerical 

values, namely, R = 500 and initial length = 5,000 ft. 


Recharge Well— ‘Second Phase.—As R i is small as to L, thesecond 


‘term “under the radical in Eq. 109 reduces to (log, R R/L + 0. 72) 


for a typical, initial ratio R/L = 0.01 leads to the ee ctlown’ in ie. 10 E 


flow as originating from a source of strength m, discharging 


at the origin and if U = initial uniform flow per ] linear ft, parallel 


can be represented by the complex function: 


Ay method” and is roto in Fig. 1. The boundary of the mound is given by ie | 


ing? 


| from which it follows that the boundary asymptotically ‘approaches— 


=) 
Hydrodynamics, by LM. Milne-Thomson, Macmillan Co., Inc., New York, 
“Elementary of Princi les Relating to Stream-lines,” by W. J. Ma 
Miscellaneous Scientific Papers, Charles Griffin and Co., London, England, 1881, p. 


a onto an inclined plane of infinite width and length. If the e source is assumed Pe 


—— 
- — 
| 
a 
— 
} — 
_ 
| 
— 
d, ree 
— 
— 
— | ig 
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> be Thus, the mound boundary has the effect of a training wall and relative 
~ to the initial rt stream of infinite width, the mound acts like an & 

+4 infinite length. dich} a 

Numerical Evaluation of Equa- 

tions. —The following quantities 

2 are typical for one of the existing 

spreading grounds, the area of 

which may be approximated by 


Streamlines for Kaot 


Ka - 4 


that of a relatively small circle, 


— namely: R = 500 ft; a, = 


ion Poin’ Xx t per | ence ort 
on 


124. 


01 from Eq. 


tion the rise of the mound above 
the normal ground-water surface 


= 10,000 ft; and from Eq. 
<6) ft, In ‘this 
-\—|-|- case, based on the potential func- 


a is of the order of 35 ft. This is 
Forti = 0 and L = 5,000 ft, 
from Eq. 112, = 33.47 ft 


2ho= 


“ Eq. 114 96.38% 10° 
ot ft? = 786 acre = ft 
ed govia zi boom edt od 34.23 hr of spreading. 
_ This clearly brings out the magnitude of the mound for t = 0 even during 4 


PART IIL—THE MODEL TESTS ON TWO-DIMENSIONAL 


1 —DEscrIPTION. OF THE ‘Serr 


Sibe Two distinct model arrangements were used to test the mechanics of the ; 
i a ‘a four phases for two-dimensional flow. The model sand was clean, hard, 
“dl stream-worn material which had passed a No. 30 screen and had been retained 


on & No. 40 screen. San grain size, therefore, varied little i ne 5 aa es 


 ghort s readin 0 erations. ~The often extend over much longer eriods. 


Bubstitutine for U and m in Eq. 122 gives the mound ee 
for U and mm in Eq. 122 gives the 
— 
— & 
| 
— fa 
¥ 
— 
— 


e first model arrangement served to ascertain 
t “ wave phenomenon and unsteady flow characteristics during the first and : 
_ second phases, the ov ‘outflow hydrograph during the second phase, an d the 
i _ drainage of the mound during the fourth phase. A general view of the model — 
- setup in connection with this arrangement is shown i in Fig. 12, and details of 


8. A metal frame, 4 in. at 


upstream end, simulating the 
spreading ground and extending 
c. Twenty-five piezometers ar- | 
sae ranged in horizontal sets of five, 
> each at five elevations above the © 
bottom and each set ‘extending 
in., 4 in., 6 in., 8 in., and 10 in, : 
respectively, into the sand from the 
Bight deep wells, each equip- _ 
ped with threaded brass rod and 
steel contact point, adjustable : as 
to vertical” position within 0.005 
in., and connected to a direct- 
‘ current low voltage source; 
‘Nine shallow wells behind 


Pe and parallel to the deep wells, and 


e same design 
previously described; 
f. Nine argon bulbs to indicat 


visually the instant of contact be- 
tween the ground-water surface 


and the point gages; Ae 


| bucket, t, 
an n adjustable weir for the ‘control of the initial and final 
An au automatic chronograph, ‘comprising n nine active supersensitiv relays” 
and one spare , supersensitive relay equipped with arms and pens for re recording 


_ of the aforementioned well- -point contacts in terms of time (the latter being i 
eontrolled d bya separate clock, , recording 1-sec time intervals); 
An automatic stage recorder to ascertain 1 rate of outflow in terms of 


ae Pe PE tank with float valve control, fed from a large primar 


tank and connected to a municipal source of water supply; and © a hoon oN 


An manometer to determine the rate of inflow to the 


iii 

+ — | 

— 

— 
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ay _ Minimum aeration and uniform distribution of inflow into the spreading Be 
were accomplished by a trough, connected to a manifold with twenty-— 


Values of H in Inches 


Edge of round 


a 
3 


in inches 
Nn 


initial Ground Water Surface; 
Ground Water Depth = =6In; 


ve Height of Mound, 


Wi 
& 


at Distance From Edge of Spreading Ground, in 


the test sand. small U-tube to the bottom of 
frame served to air if tok oot 


iy 


° ° 
ues of V, vs tK fi 
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Outflow Hydrograph, 
Eq. 19b (Ly= La) 


|| 
7=0.01 


ya 
for Inflow Fluctuations Only 


- 


bd Time, it in Minutes After Commencement of 


— 


par Second Model Arrangement. —The second model arrangement served to a 
a ascertain the validity of the theory on potential flow . For this pt purpose both 4 7 = 
deep and shallow wells were together with the electrical 


apparatus and the water-stage recorder at the 


| — 

= 

| 
| | 
— 

| 
| 

if 

— 
= 
|e 

. 


“ad The denth of the sand was increased to 12 i in., ., the length kept at 46 in., 
= a a the spreading ground was reduced to 1.20 in. in width, in line with th 
dimensions used in the theoretical study. (Fig. eight. piezometers wer 


added to the original twenty five in the end wall, and thirty-nine piezometers 


in Minutes After Cossntion of 


a poor installed in the back wall, as ia subsequently in Fig. 18. They 


extended 2 it in. . into the sand. 


— 


in cubic feet on hour 


ar 


| 
Ww 
re 
— 
a ordance with Fig. 7, except nea 
tical phreatic line in acc for stability. = 
theore dge of sand was left fo 

— = 
2 i lo wtihlledwi > 4 
— 


‘Finally all the sand wes A boundary was 


# with the focus of the phreatic line and the vertical end wall as a tangent <a 
en a transition to the horizontal floor near the midpoint. The sand was eat 


replaced to 0.5 i in. over the theoretical phreatic line to the previous 

All four at the mound phenomenon were included in model 
The rates of flow, actually observed in the model (which has the neat width “" ‘k 
of 11.25 in, ) are distinguished from ‘the rate of flow per linear foot, by Q. his ave 
Rates of flow corrected for a width of 12 in. are ihede by g. The latter are ae 
ased, therefore, on the same premise as the theoretical rates of flow. _ 

To the purpose of recording t the first and second phases by the cl 
| ___ graph, the point gages in the wells were connected to the positive pole, and the oe ou 
ts ground water was connected to the negative pole of a direct-current circuit. = ao 


of of the first two phases ¥ was for a ground-— 


above the undisturbed surface in terms of time. 

; ie stationary flow of the third phase was investigated by test runs on ee 
_ various initial ground-water stages a, with the prime objective of establishing _ 
qo (max) for each stage under this condition. It was not possible to maintain — 
a continuous pressure system between the spreading ground (B/2 = in 

_ Tests for the fourth phase immediately followed those for the third phase. 
a ‘The rate of drainage was recorded automatically by the water-stage recorder. 
> recordings were supplemented by direct, volumetric measurements. 


With the sand surface 12 in. above the bottom; 
__ 2, With the sand surface shaved down tow — 0.5 i in, of f the theoretica 


rates of flow 
Piezometer locations 
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ressur re 4 


3.min ) Travel fringes at time indicated 
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4 Pressure (potenial) lines as 


Top of sand and atmospheric 
line coincide bic 
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38. With the sand surface the same as in condition 2 and in addition ees 


a lower boundary between z = 0 and z ~ ~ 


1 min, 2 min, or 5 min the progress of this + manna was traced on the wanes i 


re a length, and streamlines were drawn from the movement of this dye. = ; 
‘Under this condition there was ‘no difficulty in maintaining a continuous 


‘pressure system between | the spreading ground = 1.20 in.) and the 
ach 


J 


in Inc! 


‘oarse sand 
for 


‘Height, 
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vam 
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“ 2 aD Travel fringes at time indicated 


/ (potential) lines as 


Parabolic bottom. 


—— 


Comprehensive Tests—Numerical values corresponding to the model 


were introduced into the equations. Since the floor of the model was hori- 
a i. zontal, only | those equations based on i = 0 were considered, except for the 
; outflow from the mound during its growth and disappearance which was ‘also 
computed fori = 0.01 for the sake of comparison, 
The Reynolds number for the based on a unit t gradient and 
laminar range. The permeability coeflicient K of the model sand averaged 
ft per hr at 60° F. A value of w= 0.15 represents average conditions of 
porosity for the rising stage; and = 0.06 represents average conditions of 


aS porosity for the falling stage within the range of the mound of the compre- 
. ¢ Figs. 14 to 17 show the evaluation of Eqs. 7, 10b, 19, 25, 43, 44, 46, ‘47, 52, Pu | 
ig ey, 55, 56, 63, 70, and 71 pertaining to all the four phases. Numerical values ei 9 A, 
Cr, used were Gd = 0.5 ft; g. = 0.82 cu ft per hr per unit width; K = 25; and p<) 
equals a value between 0.15 and 0.06. The rate of propagation of the wm | 
front during the first phase was governed by a contact-point setting of 0.005 in. — 
above the initial ground-water surface. The observed od average rate over the 
length of the model was approximately 330 ft per br. «dt is Say ease 
by the theoretical rate (Fig. 14). Based on K = 25 ft per hr and an average 4 
elope oa 00 015, the average velocity of ‘steady flow would be be 


in 
be 
\ 
= 
on ia 
— 
Ae 
— 
| 
= 
— 


= 


Coarse sand 


for support. 


in addition to storage AVa, flat check could not be expected. 


‘g ; influences diminish with an increase in h and, therefore, with V:. Ina strict a 
sense, Fig. 15 is applicable only to the first phase. bus etd satin 
:m _ Potential Flow Tests. —Fig. 18 shows the test result for various rates 
= stationary flow Q for condition (1), which was necessarily affected _ 
“a ihe capillary flow. Hence the rates of flow shown at eR atmospheric 
Fig. 19 shows the result for condition 1 for g = 3.52 ft per hr, K = 24 2 : 
‘ per hr, and A = 12.80 in. _ Streamlines, equipotential lines, and travel fringes — 
are indicated. Flow through the entire prism, except near the control, is 
evident. _ Fig. 20 shows the result for condition 2 for q = 2.20 cu ft per br 
& and K = 22.6 ft per hr. Hence, ¢/K = 0.097 ft? as compared to 0.067 ft? Bi . 
__ the dimension per linear foot being understood in this discussion of the ee 
x; - for A = 12 in. on which Fig. 7 is based. _ Capillary flow is evident in the small 
mo - wedge of sand next to the spreading ground which could not be removed for ce 
—- Feasons of stability. __ Partial stagnation in the lower left-hand corner is con- we 
‘spicuous, and so is the concentration of flow. immediately below the phreatic | 
_ line in the upstream half of the model. The effective head A averaged 12.80 © - 


in. and, therefore, w was in ‘in excess of the theoretical one as shown i in Fig. Te ee 


— 
— 
ft per hr or ne als, often observed in ay 
(0.375 ft pe risingly short time intervals, f the water surface 
This explains the surp A tions and the rise o wit 
in remote ol eget d the effect of storage f the equations 
previously stated, the | d in the derivation o 
ath the spreading gr fore, the respective correction 
the unsteady ically as shown in Fig. 15. height A 
accomplished grap O15 this correction of the theo 
| 
major part of the discrepancy between exper 
4 
— 
a — 
— 
f 
“a 
= 


i expected, except within the aforementioned wedge. } 
smallest amount of sand from the parabolic surface below the wedge regen 
water to appear: > There difficulty in maintaining reasonably 

Fig. 21 shows the result for condition 3. Replacing t the: sand after installa- 


in the preceding test—namely K = = 24 ft per hr. Hence, for the. ‘corrected 
observed g = 1.95 ft® per hr g/K was 0.081 ft? . It is interesting to note that 
the phreatic line, contrary to the preceding test, dropped below the surface 


aX of the sand where it remained parallel to the surface. Therefore, the parabolic 
x _ boundary tended to give rise to a similar rate of flow as for condition 2 through | 


smaller cross sections. _ Although tests for an elliptical, lower boundary as ~~ 
indicated i in Fig. 7 were tet conducted, it appears logical to presume that a 5 
1 agreement in g, between this case and condition 2, pwoult have been closer ye 
In general, the results obtained from the tests, if pr proper | coy 
a capillarity is made, fall close to the theoretical ones and, therefore, may be ee 


considered a of the theory of the mound phenomenon. 


The writer is indebted to H. E. M. _ ASCE, chief engineer of the 
Lo os Angeles County Flood Control District, for ‘reviewing the paper and 
to Maxwell F. Burke, A. M. ASCE, who super- 


achievement of the share Atta test results ; and to Richard W. Rutowski. 


conducting, the tests on potential flow, for ‘checking the work, : 
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K. Topp"* J. M. ASCE. —In connection with the application of 
spreading to control sea-water intrusion, the author states: (paragraph following 


- ‘Eqs. 17)“ To maintain control indefinitely the rate of infiltration must be such _ Lo 


to cause rise of the mound to at least mean | sea lev el.’ an unconfined 


sea level to develop an ellective equilibrium condition in repelling sea-water 
_ intrusion. _ According to the Ghyben-Herzberg principle,’**° the greater speci- 


: fie gravity of salt water will balance a correspondingly greater head of fresh 


OF (a. + He + AH) = (ay - 


‘AH = &s — OF 


required, 
author’s prototype values of a = 100 ft and Bij = 35 ft may be 
Bz — inserted in Eq. . 126, together with values# of a, = 1.026 and ar = 1.000. = 
— value | of AH = 3.5 ft is found. © * Thus, assuming that undiluted sea water is in Ha 
direct contact with the fresh ground water, the fresh-water mound must be 
maintained more than 3 ft above mean sea level to control sea-water intrusion. _ 
f= ae The author has limited his analytical treatment ¢ and model st studies to cases of — 
unconfined ground- water conditions only, and has not investigated the problem 
2 of pressure aquifers. However, the impression is given that an important Pi 
application of spreading i is that of control of sea-water intrusion. This applica-— 
- tion is is important in in coastal areas where unconfined aquifers do exist; but in ey 
_ California where the problem of a sea-water intrusion is becoming increasingly iY: 


sae most of the contaminated basins | are located in pressure areas. . In 


19 “Nota in de put boring (Notes o on nthe 
_ of the proposed well drilling near Amsterdam), by W. Bad _ Ghyden, a van het Koninkhijk, — 
Institut van Ingenieurs, The Hague, Holland, 1888-1889, p. 
“Die einiger Nordseebader” (The supply on s of the North Sea coast), 
by B. Herzberg, Journal Gasbeleuchtung und Wasserversorgung, Vol. 44, Munich, Germany, 1901. 
Bie _ “Specific Gravity of Sea-Water and the Ghyhen-Herzberg Ratio in Hawaii,” * by C. K. Wentworth 
_ Transactions, Am. Geophysical Union, Part IV, 1939, pp. 690-692. 


O. Banks, G. B. Gleason, and R. C. Richter, Report No. 1, Water Pollution Investigations, Div. of % 


og n et Notes. Intrusion into Ground Water Basins Bordering the California best Inland Bays,” By 


4.28 


water; and AH, the head of fresh ‘water on the mound 
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— 
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wi 4] = 1950; the areas in acres underlain by salt water; and the type of aquifer—con a ; 
x= i‘ 


‘situated i in pressure aquifers, three i in nonpeessure saiton, one in a semi-con- ae 


employed. Current studies in California” include the technical and economic 

Be feasibility | of constructing artificial subsurface barriers, and also of creating Ae = 
 feash-water pressure ridges above mean sea level by means of injection wells. Bis a 
The evaluation of the mound width by a circular spreading ground 


Ground-water basin or valley | Areas (acres) | Type of aquifer Authority 
. Ellis and C. 
. Ellis and C. 
. Ellis and C. 
ander and G. 
ander 


“a 


Not known Unconfined | 


Unconfined 
Santa Margarita 


Central Coastal Plain 
West Coasta! Plain 
Malibu Creek 


Lists 


. Conkli 
.M. 


_ Total known area. 


Area underlain by salt water, in Water Supply Paper No. Ho. USGS, 1919. Bulletin No. 
58, Div. of Water Resources, State of California, 1947. proximately 500 acres. * Bulletin No. 16, 
Div. of Water Resources, 1933, / Bulletin No. 52, Div. of Water Resources, State of California, 1946. 

_ @ Between Salinas Valley and Pajaro Valley. * “Santa Cruz-Monteres Counties Investigation,” Bulletin 
No. 5, State Water Resources Board, State of California (publication ponding). * Water Supply Paper — 
No. 519, USGS, 1924. 4 Sacramento-San Joaquin Valley between Pittsburgh and Antioch. * “Ground 
Water,” by C. F. Tolman, McGraw-Hill Book Co., Inc., New York, N. Y., 1937, pp. 378-379. wy ; . 


may be applied to Gstérmine the mound 1 width resulting from a recharge well. 
_ This would have application if consideration were being given to the main- 
tenance of a , fresh-water barrier along a coast in an unconfined aquifer u using a 
aa line of recharge wells parallel to the coast. The mound width would determine 
the spacing of the wells, Since this width i is independent of the spreading area 
_ and depends only | on ‘the rate of aquifer recharge, Qo, and the physical — 
_ parameters K, a, Seuhiy 7; an estimate can be made based on & representative rate 
well recharge. wo published accounts giving quantitative measurements 
recharge wells in Southern California™ 25 show average rates varying 


Ste 


“Sp Water for Sto ” by A. T. “Mitehelson and pe Muckel, Technical 
678, U. 8. Dept. of Agri. Washington, D.C.,1937- 


‘Surface Spreading-Operations by Basin-Method and Tests on Underground 8) readi 
by A. ‘ransacti. Aas. Union, Vol. 15 15, 1934, pp. 523 527.0 


a 
4 
Moe, as been found to be underlain by sea water, 87,965 acres occur in pressure areas. J : 5 
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4 
a a i, an example and using the author’s values of a, = 100 ft, K = 100 ft per hr, and = ) 
— 


SUTER ON 
= 0.01, Eq. 124 yields : a mound width, W, of 54.5 ft. Actual walle would ‘need 
to be spaced even closer than this distance to develop a suitable mound height aS 
a to leave no intervals between wells without fresh-water flow. In this ae 
example, the mound width would have reached only 54.0 ft at a distance of 
1,740 ft downstream from each well. The spacing suggests that economic — 
considerations alone would govern in applying this method to control sea-v 
intrusion. i Having a line of recharge wells with only some 50 ft between each aS 
_ well indicates that recharge by spreading would be a better method in an actual __ ae 
Suter, M. ASCE. —This is an excellent mathematical treat- 
* & ment of the problem of water recharge, a problem that is becoming more and > 
Bee more important. and on which the present literature is relatively scarce. ‘The ie 
author shows how exceedingly complicated the mathematical part of the purely 3 ae 
hydraulic phases can become in skilled hands unafraid of hard work. 
practical applications o of ground-water recharge many additional factors appear, 
such as ‘nonuniformity of the soil and basin boundaries, variations in the 
i. chemical and physical character of the recharge water, silting of the soil (either ES aa 
by silt in the Techarge water or as an effect 0 on the soil particles), pollution of pe a 
ground water, influences on the temperature and chemical composition of the 
ground water, Er ceah. of rate of inflow, duration of inflow and of periods | 


ris ' 


Bia cannot be represented by mathematical formulas as Pony depend too 
much on local conditions. Iti is good, therefore, to have some calculating m meth- * 


a _ Tespect this paper marks a great step forward. 
z acm Much of the mathematics used in the paper is is probably unfamiliar to many 
engineers, as few of them had or remember differential equations, 


a. ¢, solution of the problem, and if it is justified in in view of the simplified ssoumptions pot 


o* ‘that are made. ‘In the following, « only a few — will be discussed to show 


Eq. 10a checks the writer’s Fourier series expansion ¢ th ne mene 


$a, is dropped i in the general formula for the Fourier series— 
)= 2 cos (n z) + bs (n z)].. 
e. 4 The use of the Fourier series expansion n makes Eq. 10d look formidable when it oe 


ek To obtain this result it is not necessary to go through the Fourier series ex- 


4 
a : 
| 
+ 
ods Tor those phases that are amenania | 
mathematical treatment and in this 
4 iii 
— 
— 
— 
— 
— 
— 


cos 


and, if this special value is introduced into Eq. 9, the result is a derivation of — 
Eq. 128 without the detour of the Fourier series expansion. ‘The develop- 
a ment of Eq. ny is based on Eq. 7 as the approximate equation of the stable 
att = ©. Referring to Fig. 1, Eq. 7 is the actual formula for y’,noty. 
‘A somewhat expression than Eq. 128 is obtained by u using y. Eq. 


2 


formulas are obtained that are simpler i in form and easier for numerical nos A 
on: than those i in the paper. This is important as tl the Fourier series, although 
i 
beautiful i in theory, are notoriously cumbersome for numerical calculations. 
It may also be questioned if the straight-line slope is the correct approxima- a 
Es. for the er, mound. . Eq. lis based on the assumption of Jules Dupuit ; 
7 that the velocity i in a vertical 
3 ‘2 As that defined by ‘the Darcy 
law— —namely, v = K (dy/ds) 
which is Teplaced by v= K 
(dy/dz) for flat slopes for the 


ke of integrality of the 


iy pee iste equations. Sha 


ES slopes, where the sine of 


he tangent. . The following de- 


ced assumptions and show that « even these ‘simplifications furnish curves of the gen- 


ments. Assuming a source with circular runoff it, the areas areas 


— 
— 
— | 
— 
| 
atm, 
— 
— 
— 
expanded to other formulas in the 
— 
— 
— 
— i 
— 
— 


dz — 2 dy). 

the higher differential dz ‘in Fig. 22). 


- 


Increasing» Flattening Concave line 


face curve (see e Table 2 2) . When 1 do these 


= (a + y) de —ady 


- 
(33) 


_ determined by a study “yng the curve of the water surface. Integrating | E 
141 equation of the steady is d rived 
For an infinitely ferme spreading ground, C= 


these ‘two Eq. 143 yields 


dz 
145 becomes: zero forz = , Since * = He. On second ¢ 


146 zero for and for y= 


with dA : = -0 is therefore also of inflection 


steep | slope explains in field and laboratory o observations, 
there is a sharp drop near the recharge area. 


= oo _ Aslope of 45° is never observed because, i in the field and i in the model, there 


8 influences: that flatten the hoe 
© For steep slopes Dupuit’ 8 assumptions do not ‘yield a good approxima- 


n area of inflow instead of a point of recharge. ae 
additional of the surface configuration: 


ig positive if y> 


ie ~~. oN The condition dA exists therefore only in the immediate y a 
: 
— 
— 
— 
— 
— this point lies on the line a, + y and in — 
— 
— 
— — 
— — 
— — 
— 
— 


(2) 


yt and such a curve is concave from point P outward. Considering these proper- 
am. ties of the curve of the steady mound it does not seem appropriate to apply a 
refined computation involving an assumption that the water surface be rep- 


resented by a straight line. isttinal san (is xod 
author presents curves of the type here developed, but also inverse 


= pa curves. Howe ever, it is the writer’s belief that the drop shown near the outflow von 
is due to a backwater of less height than the 


D. Pp M. ASCE. —The a great 
“number of cases when successful structures were built and engineering oper- — 
ations performed from experience and partly by intuition, but without adequate 7B 


theoretical background on the | part of engineers. — Theoretical clarifications 


‘ga ‘Scientifically i inclined engineers other than the original o1 ones. - Such, for — ee 
instance, was the case of ancient earth dams that were built since times im- a 
memorial without their builders having any notion of soil mechanics or sub- % 

surface flow net theories. Conversely, in the case of the present paper we have Aaa 
extraordinar y example of a modern engineer who for many years was engaged 

_ in the technical direction of spreading operations on a large scale in Southern onal 
California and then himself produced a complete theory of spreading en aa 


explain the minute details of the phenomenon. Under ¢ given 


ba it is exceedingly difficult to discuss this interesting paper, not only because of 
the abundant and rather complicated mathematical analysis presented, but 
chiefy | because of the fact that the author, by virtue of his practice, is strongly — 


an to defend his views. | The latter, i in addition, are backed by well-; -per- 


in 1948. ‘The writer, therefore, wishes to limit his discussion mostly to the 


comparison of the author’s philosophy of approach to the given problem with 


After having read Mr. Baumann’s paper the writer became convinced 
ss These are—the theory of consolidation; drainage of the pavement base course; 29 

spreading. From these three the spreading problem is the most compli- 
/ cated because in this case the flow is confused especially at the experimental 
stage, by capillarity, mostly above the saturation line; and also the boundary 


be 

- 


27 “Technische Hydraulik,” ” by Charles Jaeger, Birkhdiuser, Basel, Switzerland, 1949, p. 366. 
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19 20. In the opinion of the writer these fringes are 
= the colored liquid that falls to the bottom of the box through water and sew 
ia i cz horizontally due to the combined action of hydraulic head and momentum. 
ee epee The writer observed a somewhat similar phenomenon in in his experiments on 4 


Bs horizontal capillarity i in cylindrical tubes filled with dry ss sand. In the latter 
= case water just under a small head first very quickly spreads horizontally _ 4 
—_ the bottom of the tube and afterwards invades the tube i in a capillary a 
way moving g upward. ed | The writer believes that the use of a , parabolic bottom ae ie 
in the experimental box (Fig. 21) was a fruitful idea since in such a way the © f 
; _ true character of flow in nature is better duplicated by the experiment real 
on in case ofa a horizontal bottom of the experimental box. rive 4 


nonrac 
Me coefficient of permeability k. In the case of subsurface flow the ees 
Lz is not constant, however, and gradually decreases as either the process 
‘drainage. or spreading advances. This is a pronounced phenomenon in 
the: case of soils with fine-grained ‘situation is better in 4 
ak case of flow through coarse pervious materials since in this case a relative 
constancy of the coefficient of permeability during drainage or spreading may 
4 be expected. Hence, the author’s statement that ‘* spreading grounds 
are located in soils that approach idealized conditions extending over ~~ 4 
distances” is encouraging. tis is 3 to be noticed that the same e favorable 


hydraulics of open-channel flow had existed before the 
a the theories of the subsurface flow; and undoubtedly the latter have been — —- 
influenced by the former. Thus, in the theories of quasi-horizontal subsurface 

flow the existence of a horizontal or slightly inclined impervious bottom (like 

- those occurring in some rivers) is predicated. In reality, however, the earth | 

=. may be pervious to an indefinite depth 2 and saturated with ground water. 

| ‘The most realistic explanation why an impervious bottom is introduced i in the 

_ theories of quasi-horizontal subsurface flow is the necessity to have a plane — 
ae from which the ordinates of the subsurface stream could be measured ; other- 


= the. formulas cannot be derived. ‘Such is the case in the Dupuit formula, — 


‘The feels, however, that, in the case of a very y deep 


stream with large values of a,, , spreading would affect the lower part of this a BA eS 


stream very little, if at all. It is stated ‘sometimes in soil mechanics “a 


water has no + aside “te strength, but this statement is of a relative value only. __ 
The very concept of viscosity is based on the possibility that shearing stresses 
exist in a viscous fluid such as water. . The hydraulic gradient pushing the 7 Ps 
aie stream down is larger than that of the underlying ground water; / 
ence, the spreading stream moves with larger velocities than the underlying __ 
ground water. This causes shearing stresses and a corresponding increase of “a 


» 


i 


D._P. Presesdings, 29th 
Council, Washington, D. C., 1950, pp. Sa 
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Capillary Phenomena in Sandy Materials 
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mound wave into the original ground-water stream. The shearing stresses 
have to decrease rapidly from the surface of the original ground water down- sre 

‘ 2 ward and at a certain depth become negligible for all practical purposes. — This ae 
S, pattern may be easily visualized by analogy from the diagram of shearing Bae Be 
— a stresses in a body with a horizontal or slightly inclined upper surface over a 
a heavy with a bottom surface is sliding. The writer’s 


a Mr. Todd seems to interpret the writer’s expression, ‘“‘to at least mean hen b, 
level,” as falling short of possibly 3.5 ft above mean sea level. Such was not 

the intention. Since 1950 the writer has been in charge of an investigation, by © ee 
the Los Angeles County Flood Control District, of economic means for the i- v 
_ stemming of sea-water intrusion in the West Coastal Basin. . This basin (which | ah 
f Mr. Todd refers to in Table 1 as “West Coastal Plain’”’) has a shore line about oe 
12 miles in length along which about two thirds of the principal aquifer, known — 
i as Silverado Zone, are confined and the balance unconfined. . The latter is 
redone located in the southern | part of the area. In 1950 spreading — 
my a tests were conducted to confirm the unconfined character of the aquifer there, 
_ to determine the permeability of the soil, and to ascertain the salinity of the. 
; et ground water. The investigation led to the conclusion that, in this area, sea- i 
; _ water intrusion could best be controlled by means of a liquid barrier, created a 
through spreading from a strip area or from shallow gravel-filled injection pits, 
a 50 ft apart. This barrier would have to be located well inland from the sea- = vo 
Zz shore so as to have the assurance of control. Therein lies a distinct difference _ & 
between the mechanics of a liquid barrier in an open and a confined aquifer. + 
The latter, a as Mr. Todd correctly states, | is not treated in the } paper, although a — 
~ recharge test was conducted that same year on an abandoned well in the con- 
- fined zone of of the a aquifer. by Both tests plus a third one in the northern quasi- 
‘unconfined a area were described in a report by the Los Angeles County Flood | 
_ Control District, prepared in the spring of 1951, together with a study on ame 
‘ — location and components of a complete liquid barrier over the entire 12-mile toes 
length. Finally, it included a recommendation for a pilot test on recharge 
: - wells, extending over a 1-mile front in the confined area, some 2,000 ft inland 


, from the seashore. Although the chloride coneentration at this location may ys 


— 
— 
ion the writer wi ibution tothe — 
1 objectives, namely—to find so 
theoretical t, fundamental concepts which appeared 
felg { a 


2 was meant to imply that, whereas in some the rise of the mound 

Bs —- mean sea level would be negligible to stem intrusion, it could be appreciable in _ “ ts, str 
other locations. Where the latter happens to be the case, each foot of extra ph 
rise may indeed represent a considerable part of the total effort. Hence, Mr. 


i=) 


is 4 
et rae Fortunately, the conditions in the open area of the West Coastal Basin are eg ha 
e not as difficult as they would be if the physical parameters. used in the writer’s _ 
prototype example applied. These values actually apply to a spreading ground 


ne, ag in a debris cone area and not to the open aquifer of the West Coastal Basin. 


3 

a The r respective values would be more nearly: go = 0.25 cu ft per sec = 900 cu z £ 

ft per hr;a. = 300ft;K = 10ft perhr;andi = 0.004. Hence, the correspond- bs 
ing mound width, W = 75 ft, “would assure complete closure based on the | 
reading Mr. Suter’s able discussion, one should bear i in mind two funda- 


‘A oe _ mental premises: (1) The writer confined linearization of the stable or station- 
a ary mound to the two-dimensional case only and (2) “the improbability of the 4 
existence of a circular control” was emphasized in connection with the three- — i 
Bn dimensional case. The linearization of the two-dimensional mound is a per- - 
missible approximation as long as y << a, in accordance with the basic premise. 
4 ‘The discrepancy between the linearized and the true, stable mound shown in a . 


Fig. 14 is exaggerated because in the comprehensive model tests the afore- 
ig “oh mentioned, basic premise was not satisfied. In fact, the height of the stable — : 
os 5 ‘mound was nearly one half of the initial ground-water depth. This exaggera- __ | 


= he tion was intentional to facilitate observation on the one hand and to ascertain — ag 
oh the effect of this deviation from the basic premise on the theoretical results. It ee 
ae is a well-known fact that mathematics often furnishes valid results well beyond ae 

Suter makes a commendable effort at simplification of Eq. 10 w 
introducing boundary condition 1 in Kq. 9. Apparently the statement, ‘‘Eq. > 
a” 9 still does not satisfy condition 1 * * *” was thereby overlooked. Naturally, _ 


x 


. if Eq. 9 does not satisfy condition 1, then condition 1 does n not satisfy Eq. 9. a 
Hence, it is necessary, first of all, to transform Eq. 9 into an equation which does 


satisfy condition 1. This was accomplished through Eq.10b. It is regrettable, 
of course, that condition 1 is singularly difficult to satisfy and and that the elegant 

4 


J 


operation suggested by Mr. Suter does not answer the purpose. Unfortunately, 
ss it leads to the result expressed through Eq. 128, which describes a family of 4 
straight lines, from the control toward the spreading ground. 


— 


configurations | of the growing mound. Again, referring to Fig. 14, it is obvious” os 
that such is not the case. All ‘equations derived from Eq. 4 must 
-——- gatisfy the latter. This is true of all of the writer’s equations for the growing 


and ¢ the disappearing mound, but it is not true of (128, 


— 


mean sea level 0 xt, the chioride concentration at the proposed injectio of 
a, ee Dts Of the open aquifer is verv much smaller. so as to require a rise there of on 
| 
— 
— 
J 
— 
4 
a 
> 
and 12 surtace of the sta mound linear Dut aiso all the intermediate surtace 
sh 
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as as they may appear at first glance. . Fort is, = 
S Eqs. 17 check Eq. 106. Length, Lg, may be any finite tha Hence, in the — 


e ease of of La considerably i in excess of the one represented i in Fig. 2, it is possible t to Bey 
/ determine the p progress and shape of the wave in both the upstream and down- are ong 


e stream direction for such arbitrary time elements as correspond to the first Prange 
_ phase. _ This is shown in Fig. 23 which is based on the same numerical values" oe F 
a8 the dash lines in Fig. 2 except for Lg = 15 ft instead of 4 ft. It shows that ee 


case the time required for the wave to reach and for 


Ft 


Water Depth 
Inches 


min as compared to 0.5 min in the first case. It also shows the flexibility st 
equations of this type. For: Ll, = ¢= =0) Eqs. 17 also check the analogue 
: of the equation® for heat flow in a nonradiating, prismatic bar of semi-infinite — 


ee in) which (see Eq. 5) j = 


= ——; and =- dt; the probability 


v. “Heat Conduction,”’ by Ingersoll, Zobel, and Ingersoll, McGraw-Hill Book Co., Inc., New York, 
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BAUMANN ON GROUND-WATER ‘SPREADING 
which is readily determined from tables.“ Forz = 


Mr. Suter states correctly that the writer’s equations for y are actually thone 
ey — for y’ according to Fig. 1, and that the relations as shown in Eqs. 130 and 131 _ 
te should be used for the respective transformation. Unfortunately, however,this 
transformation does not free Eq. 132 of the discrepancy attending Eq. a. = 
ae In the light of the foregoing, Mr. Suter’s check on the validity of the » 2 
xe. writer’s linearization does not seem pertinent in that his development of Eqs. ap 2 
133 to and including 148, is entirely based on three-dimensional flow fori = 0. 
_ Actually the writer’s formulas in Part II, Sect. 1, correspond to the afore- . 
i mentioned ones, except that Mr. Suter assumes stationary extracted flow 
wat . (positive right side in Eq. 141) and therefore a circular control, _ whereas ihe 
writer’ 8 development i is based on ard autor flow (negative 1 right ¢ side, 4 


ig. 9). 

F ground such as to approach a point source would result in a surface configura- ve 4 
tion quite different from that shown i in Fig. 22. 
e a. In setting up the equations for the two cylindrical areas a ‘a distance of de a 
. a apart, preceding Eq. 133, Mr. Suter introduces a negative increment dy fora _ 
a re positive increment dz, whereas both should be entered positive. ‘It is as bs 


mathematics to tell in the end whether dy is positive or negative. de 


the sondition: dA =0 should read 
which defines a family of square hyperbolas with the y-axis and a line parallel 
= oe to, and a distance a, below, the z-axis as asymptotes. The intersection of any 
“en of these hyperbolas with the undisturbed ground-water surface corresponds to 
 & the distance Lg at which the circular control is assumed. This solution satisfies tg 


+») = 


phe 


the fundamental lew’ that it is to maintain all three—area, velocity,” Gg 


ne that a souhaiee well cannot be treated as a water well ‘ “in reverse’’—that is, by” 
assuming stationary flow as Mr. Suter did. The reason is that a water well is 
a in itself a control whereas the recharge well is not.  Henee, i in the latter case 
os the flow i isu unsteady and radiates from the well uniformly to any distance in 

- form of a wave without ever becoming s stationary within finite limitations. In 

4 the course of this performance the rate of recharge must diminish as illustrated 


in Fig. 10 (dash line). This Snlantion 1 in the rate of recharge is, , purely and — 
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MERICAM SOCIETY OF CIVIL 
other than the real one, by recent The writer is by no means 
oblivious, to the fact that causes of an entirely different nature exist; but. he 
a 3 believes i in taking the first or first and in taking the probable into considera- Neos 
= In Mr. Suter Suter’s final paragraph, reference i is maa to | the critical depth. at the be a 
_ in accordance with Charles Jaeger’s determination,2’ which compares 
with Eq. 102. Both equations are approximations. © Contrary to the writer’s ts 
_ development i in Sect. 4, Part I, Mr. Jaeger arrives at his value through sub- — bee in 
stitution of circular arcs for the parabolic equipotential lines. This leads toa 
sharp drawdown of the phreatic line and a vertical tangent at the control. The 
- point of contact of this tangent det determines the critical depth. In either case Je be 
thee critical depth i is ‘defined as the minimum height c of the phreatic line at the ne 
= regardless of how far below it the backwater surface may be. - ‘The “ny pel 


* 


of the mathematical premises necessary to make solution possible. 
a The depth to the impervious stratum and its slope may never have been « ex- 
plored. In fact, a clear-cut, impervious stratum may not even exist. In- ae 

_ stead, the aquifer may terminate i ina merged zone which, under the i influence of ig 

the critical surcharge, has broken down into a quasi-impervious soil. 


ition 
2 cisively affected through the creation of a spreading mound of commensurate “a 
height. As shown in Figs. 2 and 23, such a stream, regardless of how mighty, : 4 a 
_ may be checked by strip spreading. The original ground-water flow down- | A 
stream from the spreading ground is then replaced by infiltrated water fromthe 
latter during the first, and part of the second, phase. It is axiomatic that to a a 
accomplish this replacement the infiltrated flow per unit length of spreading ; 
ground must be greater than the corresponding initial ground-water flow, which | wa : 
oe reveals the fact that the spreading ground itself is a control even if the mound 
“never Tises to the surface. 1 Hence, spreading. grounds are powerful hydraulic a 
eapons” must be operated with proper appreciation of that fact. 
: The progressive transmission of motion of the spreading wave cet its 4 
? pl surface to the initial ground- -water stream at any depth { through the medium of 2a 
z a 2 shearing stresses is a telling example of Mr. Krynine’s insight into these | phe- 
nomena. His reference to the fruitfulness of the parabolic bottom used in ae a : 
. model is no doubt closely related to the significance of shearing stresses. 
this connection it is well to realize, however, that the mathematical 
} based on the Boussinesq equation in general and on Hq. 4 (heat flow analogue) 
oy in 1 particular is afflicted with a a physical inconsistency. This is due to the 
= neglect of inertia forces. _ It implies instantaneous instead of progressive ace - 
through the spreading mound of initial ground-water bodies and 
i retin transmission of pressure to the control or infinity, during the a 
first phase. The introduction of of the ; intuitive, unique flow function i in Part I, ae 
a Sect. 3, tends to mitigate the aforementioned inconsistency in that a finite 
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wave length is associated with a finite element. It is interesting to note 
a from Fig. 14 that equations based on the latter concept led to closer agreement 9 q 


with the test results than those based on Eq.4. old y 


aa * ‘conclusion, the writer wishes to express his sincere appreciation to the _ 
_ discussers of the time and effort which were necessary to compose their ny an a 


stood i in the future than they bi have in the past. ai 
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a subject of discus- 
q for over a century. The studies, in practically all cases, have been 
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FORCED VIBRATIONS OF CONTINUOUS 


‘EDWARD SAIBEL* AND ND ELIO * A. M. ASCE 


Discussion By Messrs. Ww Horruann, AND Epwarp 


‘- n exciting force is presented in this paper. i The procedure requires only a 
knowledge of the eigenfunctions and eigenvalues. of the continuous “beam 

from which all intermediate points of support have been removed (a simple 
beam). For the simple beam, these functions are known or can be readily — a 


a» The deflected shape of the continuous beam is developed i in eae of a 

The equations of motion are set ‘up using the Lagrangian equations 

motion, the intermediate supports being introduced through undetermined 


ical is given. 


: 


restricted to ) simple span structures. In the extension to continuous beams, 
: _ the classical approach has been to cut the beam at the intermediate supports, 
destroying the continuity, and leaving a series of individual beams for each of 
which the solution can be found. Re-establishing the continuity of the beam 
b by equating deflections, slopes, and moments at the sections that had been 
cut leads to a system of of linear — the case of th 


_ Nors.—Published in November, 1951, as Proceedings-Separate No. 100. Positions and titles given 
are those in effect when the paper or ‘discussion was received for 
Prof. of Mechanics, of Math., Carnegie Inst. of Technology, 
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ivial solution leads to the frequency e 
a dition for a nontrivial solutio . When the motic | 
necessary condi ] frequencies may be found. When 
| tion from which the system of equations is nonhomoge 
the continuous beam is forced, 
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practice, howevet; the system of equations that arises is intractable 
ie —- and asa result, if the solution is to be of practical use, some other method o 4 a 4 


of two equal spans simply 


"supported : at its extremities has been developed,’ but this solution is appa- 


rently not , capable of complete generalization. It is the | purpose of this paper te 
ig 4 to present a solution for the forced vibrations of all types of continuous beams. ay \4 
subjected to a fixed pulsating load. The method used i is an extension of the 


one developed by the senior author‘ for the solution of the natural frequencies = % 
of continuous beams. This method had been developed earlier, in connection - 


other problems, by A. Weinstein.® = = 
fee Basically the steps taken in the solution are: (a) the intermediate supports - q 


Ro are removed leaving an ordinary simple beam for which the vibration fre- 
“24 quencies and modes (eigenvalues and eigenfunctions) are known. The term, = a 
simple | beam, as used herein refers to a beam without intermediate supports, — q 


oe but one whose end conditions can be any combination of simple, fixed, or free; 
a —) the deflection of the beam at any point along its length is represented as a 
2 generalized Fourier series in terms of the eigenfunctions of the simple beam; _ 


a (c) the constraints at the intermediate supports are introduced through un 


determined multipliers; and (d) from the Lagrange equations of motion a. 


add" This procedure may be ‘applied to of any anaes of arbi- 
% trary length and of varying flexural rigidity, and with any type of conditions 
_ _ The important thing is that the eigenfunctions for the simple beam (the | = 
beam that is left when the intermediate supports are removed) must be e known oe 2 
or be obtainable. In many practical cases these eigenfunctions are known. 
In this paper the theory is applied to the case of a two-span anaes ee: 2 


er 


of unequal lengths subjected to a fixed pulsating force. 


The differential equation ‘of the ‘vibrating beam is 


‘which, Ei is the of I is is the 


Beam Under Action of a Moving Constant Force,” by R. 8. fi 

ournal of Applied Mechanics, A.S.M.E., Vol. 17, No. 1, 1950, p. 1. _ 
“Vibration of Beams,” by Edward Saibel, Journal of the Aeronautical 
Day ’ “Etude des spectres des equations aux derivées partielles de la théorie des ues élastiques,”” by 
Wei — 88, des Sciences Gauthier-Villars, ‘Paris, France, ‘1937. 
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Ss no defection 
oo peo , if that happens to be the case) equations are developed that 
oe a support if tha ppens 
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iia neglected. 
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this treatment, is of the intermediate or end supporting levees 


ee in which the values of a are the generalized coordinates of the vibrating eA tee 


and the ¢--values are the eigenfunctions of the hens. The dr-values 


F in which L is the total span length. _ Furthermore, associated with each ¢,, a 
it is assumed that there is only one that i is the 


_ coordinates as a function of the eigenfunctions and eigenvalues of the eer 
and the frequency of the applied load. ety 
ae) This is accomplished by the use of the Lagrange e aaeiiiied of motion, in _ 

a which are introduced as many undetermined multipliers Mi as there are inter- 


"straints « on the beam a8 the intermediate su supports ar are taken care of. In 
- case in which the beam is allowed 1 no deflection at the point, z = ¢, this aide 


and assuming n such along that ie is, 
ora peniiamons beam of (m + 1) spans, the Lagrange equation takes the form: a 


nergy 


on the substitution of Eq. 2 into Eq. 5, that 
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the of the simple beam satisfy the 


ad 


which p, is the rth eigenvalue of the ‘simple beam (= A,). The kinetic 
Ea. 2 and Eq. 3 it can shown that Eq. 9 takes the form: 4 
= 


— “a In this work, the deflection of the beam at each intermediate support is — 
thus the constraint condition at the ith support is es stern 


* 
om 


Pia sag Eas. 8, 10, and 11 into Lagrange’s equations of motion (Eq. 4), 
e resulting differential « aes: to be satisfied by each generalized —a 


_ solution of Eq. 12 m may be 


og with r = 1, 2, --- © in which g”, = ae 
obtained i in the usual manner, that i is, as the sum of the particular and of the a 
Er, homogeneous | solutions. The form of the particular ‘solution will depend on ¥ 


ure. 
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z=a but pulsating with circular frequency 
be represented by P, sina 17 


: 


A 
if ant. 


The coefficient A; may be from the conditions 


¢ 


{5 


a’ 


be obtained any number of ‘supports. Only the first few terms of the in 

series s need be considered as the series converges rapidly. ‘Hence the steady 

state part of the forced vibration solution can be expressed 


— sin 


OD Which a load fixed in position 
ais acting (Fig. 1). Thislood 

ic | in which A, 
@ 
i = 
— 
— 

— 
— 
— 

— 
— 
— 
¢ 
be 
7 p = 

20 is valid provided peta. 


“FORCED ‘VIBRATIONS 


forcing frequency is equal to one of the natural frequencies 


simple beam a slight modification must be made. It is apparent from 


+ Ac dele ay 
a ¢) = 
. 16 becomes indeterminate, and B, cannot be pene ere 


eo. it. - Howeve er, the other values of B may still be found from this this equation ‘2 
The constraint Eq. 10 may be written “at 
t) = ae +r be (c) = 


must hold all of the time, it may be expressed - 9 — 
ia which, for simplicity, only one intermediate support is assumed and 7, is at 
= the kth eigenvalue of the continuous beam. _ The result is easily extended to — 4 
any “ese of supports. From Eq. 21, for one inner support, there is only a — 


and 
Ge Be P. 
this value for A into Eq. 


solution may now be written 


two-span beam of uniform section and subjected to the fixed pulsating 


sin at as Shown in Fig. 2. rd The eigenfunctions for the beam, for 


for beam without the intermediate x 


Sd 


= 


and the corresponding 


—— 
= 
— 
— 
— 
i 
— 
— 
hbo 
— 


or this. particular case, | 


in which = Since the integer 8 0 occurs as the fourth power in the 
~ denominators of the summations, convergence of the series is rapid, and only 


a few terms of the ‘Series need to be e considered ti to obtain excellent results, 


— 


L 
2,—Two-Span Continvovs Puusatine Loap 
from 20, the steady state solution for the two-span continuous beam 


- 


of length L subjected to a at its center. It is 
- apparent that, for the s simply supported beam of span length L, the coefficient K : 

is zero, and Eq. 31 reduces to the solution given by S. Timoshenko‘ and C. E. 5 


“Vibration Problems i in Engineering, by 8. Timoshenko, D. Van Nostrand C Co., Inc., New York, 
Mathematical Treatise on on Vibrations in in Railway Bridges,” ty: Cc. E. Inglis, Univ. 


Press, Cambridge, England, 1934. 
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Recognizing that the “expansion ‘iter the 
= 


pulsating 


ia it can be readily shown that solution of f Eq. 31 satisfies the differential, ‘Eq. eS 


when P(z, t) is replaced by the forces acting on the beam as well as the boundary 4 | 


<a It is interesting to note that, if the frequency of the load i is small in com- 

‘parison 2 with the frequencies ¢ of the e simple beam, the term B- , ean be e neglected, = 
Ef and the equation of the curve of static deflection will be obtained. The phy 


" interpretation that can be given to K is that it is a er of the oat 


ineludes both the hese’ and steady state oscillations. For most ; 

problems, the free vibrations, due to damping, become insignificant 
e. and can be neglected. However, to make this work complete, the free vibra- a 
tions are now considered. _ The method for determining the natural 


of the restrained system is given in the literature.‘ a 


—sin at (a) 


2 2) sin ¢ + 

Pe: in which vols is the sasitbouler’ solution ¢ given by Eq. 20. As done = one ol ‘the 
sp * the components of the free oscillations of the continuous: beam may : 
developed in terms of the eigenfunctions: of the simple beam. Designate 
by (ys)r, the kth eigenfunction of the continuous ‘beam. When expanded i all 


eS ake barred symbols being used with reference to quantities associated with 4 
the free vibration of the continuous beam. The quantity is the undeter- 
mined multiplier belonging to the ith support, when the kth mode of free 3 
vibration is considered. ust To determine the coefficients and the initial 


_ Assume these conditions to be y y=y=o at 


4 
4 
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| 
he 
ay 
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A 


. a satisfied for a solution to exist. Furthermore, only a few terms need = : - 


=o. From o when t = = 0, it is evident that & = 0 o and : 
‘= hen t = 9, it foll mew 


py 


7s Since this must be true for ali values of %, the « coefficients of each ¢,(z)-term 
-.% in Eq. 37 ‘must be zero. "This, i in turn, leads toa system of linear equations sfor 


in an infinite number of it may that the conditions are 
considered because of the rapidity of the convergence. Physically this means Pe 
ee that only a few modes of the restrained sy system need be considered. ‘olga catia oat in eet. 
For the simple two-span continuous beam under discussion 37 becomes, 


in n expanded. orm, Eq. 38 


TT 
Ks 


er = 2 


multipliers lier 
free vibration, Eq. 39 i is for the values of r r= =1, 2, 
he can a be seen that in general the solution of Eq. 37 becomes sion 23 
d consequen: 
rel The complete solution for the forced vibrations of a two-span continuou 
beam a fixed pulsating load P, sin at is then given by 
abode nite 
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FORCED VIBRATIONS 
a” sin pp sin sin 


it can be readily verified that the components of free oscillation given by 4 4 
second term of Eq. 40 satisfy the differential equation of motion for a con 

UMERICAL EXAMPLE 

se _ As @ numerical example, consider a uniform beam simply supported at 4 
‘ ends and supported at an interior point so that the spans are of lengths 6 


. * and 4.5, respectively, that is, c = 6, and L = 10.5 in Fig. 2. A driving Be: 
. Pe sin a t) with a frequency one fourth that of the lowest natural frequency of — 


fs 


For K is found to be 0.755. Using the first terms of the 
nknown multipliers, Eq. 39 sisaillgaei 


0. 1660 0 + 0.7 734 384 = 01257 


4 


— 4 
— 
— q 
a a 
— 
a 
— 
— 
— 
‘a 
aa he simple beam is applied at the center of the longer span (a P d . 
— 
— 


¢. 


= sinat{0 0509 sin 


+ — 0.00320 — 0.00602 si ©. 00455 


3 
— 0.00 1631 0.5 +0. m0. “4 sin 10.5 


+ in pst (00 000758 sin ——~ — 0.000370 sin 5 — 0.0001035 sin 105 


‘The deflection at the point = 3asa function of time is given 


wr Yous = Yo [0.1248 sin at — - 0. 00855 sin 


0.001187 sin Prt + 0.000189 sin Ps 


pad 
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200 
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: 


— 
— 
ii 
“= . 
~ 
= 
— 
— 
— 


FORCED 
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the is graphically i in Fig. Similarly, for the z = 8.25 
= at t the center of the shorter span = 


iy = yo [- 0.0366 sin ot + 0.00345 sin pst aie 


0. 000807 sin + 0.000924 sin 


ew i a plot of ‘the ratio of the deflection at any time to the deflec- a. . 
tion yo. It can be seen Fig. 3 that the deflection (shown as 
Tine) due to the free vibrations is small in comparison with the forced vibra- 
deflection shown as light solid line. damping were considered, the ad 


» 


the maximum z = 3 and z = 8.25 would be 0.134 andl 0. ote Yo, 


Se 


“eS _A method has been presented for the determination of the forced oscilla- yw 
r Lie tions of a continuous beam due to an exciting force. It has been shown that 2 
% ae the procedure requires only a knowledge of the eigenfunctions and eigenvalues — 
- i of a simple beam, that is, the beam for which all the intermediate points of a 
support have been removed . For the simple beam the eigenfunctions and 
A Res, eigenvalues are either known or can be readily evaluated. The solution for a = 
the forced oscillations follows in a straightforward manner from the use of the = 
Lagrange equations | of motion. The constraints are introduced into these 7 
a equations by means of undetermined multipliers. The latter are obtained 


3 
eae absolute values of the coefficients in Eq. 45 and Eq. 46 it ig estimated that - 


the solution of a set of simultaneous equations satisfying the 


in which occurs. Further extensions can be made beams on 


flexible supports and to problems involving | damping. 
‘It may. easily be seen that, for certain forcing frequencies, the deflections — eq 

booome infinite. These. 6 ad the enteral of vibration of 

w + 


4 


| 
Ag 
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Horrmann'.— —The i increasing importance of of the knowledge of dynam- 
- ical resistance of structures makes analytical devices that assist in the deter- 
. mination of deflections and strains highly desirable. The authors are to be 
Ae commended for their contribution of such a a device fc for use in analyzing ala 
‘motion of continuous beams. Essentially it consists in ‘treating the 


mediate supports (all but the two end ones by means of undetermined multi- 


co-ordinates. The authors’ develop the analysis symbolically i in some detail. 


4 pliers in setting up the usual Lagrangian equations of motion in generalized ioe. ; 


y _ However, they analyze one problem completely. This is a uniform two-span 
beam subjected to a single concentrated load of sinusoidal time variation 
Their | formulation of the problem implies a a generality of treatment which would i 

really require considerable additional analysis to work out in detail. In this 
connection the differential equation describing the motion of the beam contains = 
ef _ the stiffness ‘and mass as functions of the. space variable defining distance along We 


ee the beam. The numerical example provided as an illustration does not supply — 
ce the vaguest hint of the additional labor involved ‘if these physical ‘quantities — 


+ are allowed to vary along the beam. ad oot 


In the introduction a reference is made to a paper by Mr. Weinstein,® a long 
study i in which approximate frequencies of clamped plates and bars are deter- cs 
x mined. In the usual fashion these frequencies satisfy certain inequalities. a 
_ The analysis is made through use of the calculus of variations and on the basis 
of the observation that there exists a formal mathematical relation of the La- i 
grangian . plate equation to the equation of an elastic membrane, and of the 
Bernouilli-Euler beam equation ‘to the classical string equation. — ‘Thereareno 
multiple supports and r no o undetermined multipliers. A . specific remark by 


The applied force assumed by the authors is of the 
concentrated at a point along the beam. It would be of interest to know vit 
_ physical loading they had in mind. The writer is aware that it might represent Be a 


the force produced by a simple vibration generator of the unbalanced tile 
type Also, it might be the force developed by a colliding body as shown by the 


by the authors. ‘The writer has, also, made a an n extensive experimental 


span beams and nd compared the strains 


| 


3 


“Btnde des des equations aux dérivées partielles de la théorie des plaques 
émorial des Sciences Mathématiques, Gauthier-Villars, Paris, France, 1937, pp. 1-88. 


- 10 gpa on a Multispan Beam,” by W. H. Hoppmann, Journal of Applied Mechanics, ‘ASME 
Vol. 17, No. 4 December, 1950, 409. 
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compared to the fundamental period. The phenomenon is then a transient 
ns with those given by the 
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AND D’APPOLONIA ON FORCED VIBRATIONS 
— : 
‘Maen’ solutions." This problem requires consideration of both the motion 
<a the colliding body as well as of the beam. “4 However, it is shown that a 


—- force at the point of collision can be used to describe the real — 


general laws of mechanics. The writer is also aware that the method of gen- 


eralized co-ordinates and the Lagrangian equations of motion permit ready © 
a 


nalysis of cas cases s involving very general f forces 8 given | as functions of of space and — 
4 


4 
ade 


_ In their summary the authors state that further extensions can be ma e ae - 
problems involving damping. 


n - It would | be interesting to know what law of 
damping they have in mind. e | they mean Stokes’ v 


iscous damping then it 

: : is not difficult to include it in the general analysis as shown by the writer and — 
i) others. a However, such a law of dam ing might not be the best to describe i 
P g 


+ the actual physical. phenom non as discussed by R. D. Mindlin, <2 A. M. ASCE. 


henomen 

2 In this event energy expressions for use in determining the Lagrangian equa- 
tions of ‘motion b become rather delicate objects of analysis. In other words, 
one is 


faced with a need for determining a proper form of the dissipation im 4 
tion.” Ss. It is generally conceded that much more attention should be given to 1 


damping in connection with beam vibrations. This is a problem demanding 4 
ec- 


re 
‘The’ “This appear to be concerned ‘solely with defections ‘rather 


theoretical and experimental investigntions for application in conn 
tion with the dynamics of structures. 6 


plexity of the problem. . They must solve, simultaneously, : , finite number 9 x 
linear equations each containing an infinite number of terms. 


‘They emphasize 
s the rapid convergence of the series. _ This i is not necessarily 8) for the corres- 
ponding strain equations. fact for transient loading the series 


e series are rather 
slowly convergent. has been encountered experimentally by the writer.” 
Finally, the au 


thors have not demonstrated a greater economy in numerical 


calculation using their method rather than solving the differential equation - 
subject to given boundary, continuity, a 


and initial conditions in the classical ) a 
le ‘manner. It would appear that only experience with many actual solutions ae 


as a answer the question, but the wr 


writer suspects on the basis of comparison of of 
—_ already exists in the way of solutions that the latter method is at least : as 


anp Exro A.M. ASCE. as the q 
cowl writers could determine at the time of the writing of this paper, the only case 


impulsive Loading of Beams,” b 4 W. H. Hoppmann, Proceedings of the Society for Experimental — 
eis pending), 1952. 


7 2 “Im a Mass on a Damped Elastically Supported Beam,” by W. H. Hoppmann, Transactions — 


- “On the Decay of Waves i in Visco-elastic Solid Bodies, ” by K. Sezawam, Bulletin of the Earthquake 
Institute, Toyko Imperial Univ., Vol. III, September, 

“Response of Damped Elastic Systems to Transient Disturbances,”’ by R. D. Mind, Stubner, 
and H. L. per, Proceedings of the Society for Experimental Stress Analysis, Vol. V 


No. 14, 1948, p. 
“The Theory of Sound,” by Lord Rayleigh, Dover Publishing Co., New York, N. Y., Vol. I, p. ~ 
Prof. of ogy of Math., Carnegie Inst. of 
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3 = SAIBEL AND D’APPOLONIA FORCED VIBRATIONS 


zs of a continuous beam under the action of a inusoidal force was that of uniform 
beam of two equal spans, a solution of which was published? in 1949. If the 
classical solution were tractable this’ solution | would have been unnecessary. 


“il From the fact that there were no such solutions extant, it is obvious that the 


classical 1 method left much to be desired. In fact, a method that does not pees 
permit an actual solution is no solution at all. “ The solution which the writers a 
present is is more general than that cited? and can actually be extended to 
accuracy as s great as as desired, in a reasonable length of time. A uniform beam 
a of two unequal spans was 3 selected to demonstrate the technique of applying a 


1. the method and nothing | would have been g gained by the reader in studying the 


solution of a beam with more spans. As for the fact that the .writers chose 


a sinusoidal load, it is evident that using the principle of superposition (ap- uy i. 
plicable because the problem i is linear) one can wnaedl the method to any oe 


, Hoppmasn has indeed missed the point the described “3 


om. How ever, in the | problems treated by Mr. W einstein the a 
was exterior to the body i in all cases. ag In the case under r discussion however, 


ie ei difficult problem i is one in which part of the boundary conditions are given Ps ti 


a in the interior of the body, and this problem needs to be related to one which © =o 
only exterior boundary ‘conditions- a much easier problem. i in the = 
7 case of a beam of nonuniform section the writers | believe that their method i _ 
to the classical approach, but they do not to minimize the 
ae Tn a solution published elsew here'* the stresses created by a moving force on 


available methods for improving the rapidity of the 

convergence in the case of strains , of course, is of the same order as that o 
. _ The writers are aware of the work done by | Mr. Hoppmann on the impact ae 
of a solid sphere symmetrically applied to a continuous beam of equal ‘span 
lengths. ‘The fact that the real force between the two can be described by a 

os sinusoidal force makes it indeed a much easier problem by the present. — “J 
However, if this were not the case, and if it ; were necessary to take into accoun 


a the sani’ of the impacting body, this « can be. done by the method presented.? 20 


the con vergence is shown to be pen rapid even without the necessity ofu wiles ‘ 


Edward Saibel, Journal of the Franklin Institute 


:19Partial Differential Equations,” by J. D. Tamarkin and W, Feller, “Brown University Notes, 
Math. Dept., Brown Univ., Providence, 1041, Chapter S$, Section 3.00 tin 


Free and Forced Vibrations of Constrained Beams and Plates,” by Winston F. Z. Lee, thesis 
presented to the Carnegie Institute of in Pittsburgh, Pa., in 1952, in fulfilment of the : 


18 “Vibration of a Continuous Beam under a Constant Moving Force,” by Winston F. Z. Lee an 
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Weinstein is the development of the solution of a 
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ing ofa viscous natere—that is, -dash- -pot damping. Since the theory of the 
ea mechanism of internal friction is still in the incomplete stage and aril 
nee is so complicated as to be unmanageable in any differential equation incaeent a 

of vibration the writers feel that the method of equivalent: 


3 the same. = _ However, what the writers hed is in Sth was the inclusion of a 
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‘By RoBERT B. TANSEN,* 1 J, M. 


Few problems i in the field | of hydraulic have been more 
a, baffling than that concerned with plotting the surface curve assumed by a 


a solution by attempting to ‘integrate the varied flow equation. . This mer 
however, makes use of the differential equation by direct application of the 
surface slope that it defines. The paper is confined to the study of steady flow a 
: in in prismatic trapezoidal c' channels, with the rectangular se section considered t« to be 
: limiting case. Surface profiles plotted this method are compared with 


he quick and simple method of determining — the water § surface profile in 
open channels carrying nonuniform flow has been the object of a search by A. 
engineers: and mathematicians for a number of years. Although many ex- 
efforts have been made to solve t this problem by in integration, no 
entirely satisfactory answer has been found. _ The method advocated by Boris pee a 
Bakhmeteff,? Hon."M. ASCE, has been applied with more confidence than 
3 has been accorded the works of other researchers, but even this approach has ‘ te 
its deficiencies that are generally recognized. a 
The procedure outlined herein is, “regrettably, not intended to be a 
and complete solution. It is certainly not presented as a substitute for the - 4g i” 
scholarly achievements of Mr. Bakhmeteff, nor to detract from the works of | ‘Ae ia 
ee other earnest investigators. The paper is essentially an enlargement upon the es 
_ obvious relationship defend by the differential equation of varied flow, and is ae a 


Eng. Associate, Bureau of Eng., City of Los Angeles, Calif. 
~ of Open = B. Bakhmeteff, MeGraw-Hill Book Co., New York, 
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4 oiled flow of a liquid in an open channel is said to be ae when insienie 
- such as bottom slope, depth, velocity, and cross-sectional area remain — 4 
from p point to point. Uniform motion can be considered to be a limit that is 
on approached, for example, in a long reach of channel whose slope is just equal ae 
_ to the rate of loss in energy. _ In general, therefore, the case that: must be oe 
is the o1 one in which the contributing factors. vary in such a manner 
rey Grade Un . quently the water surface ; 
form (or varied) flow in pris- 
matic channels. The slope a 
streamlines is assumed to 


either constant or varying 
so gradually that the effect » 
centrifugal action can | be 
lected. “That i is, the pressure 


static. . In the calculation of 


229; "Pant energy losses, application is 


the energy alates in, ati flow is s parallel to that corresponding to uniform — 
“flow under the same conditions of depth, roughness, and velocity, 2 
z is the distance along the channel parallel to the bottom for an  ele- 
mentary length o of channel (dz), as illustrated i in Fig. 1(a), the total head Me - “| 


of water i in n the channel, and g g is acceleration ‘of gravity. 


nd dh ee i 
an dz 


offered as an illustration of the reanlts obtainable bv direct nlotting of the water _ 
a 
— 
— 
5 
— 
— 
— 
a) 
4 
assuming the velocity (V) to be constant with respect to depth. In Eq.1, 
— 
* 
—, 
4 
Pi ; S is the slope of the energy gradient; and R is the = a 


is the slope of the channel bottom. Referring to Fig. if if infinitesimals 


: than the first order are neglected, dA = 


and A is the area of the chanad, 
dz dz 
ory 


& 29 


Substituting those derived terms into Eq. 2 


ory 


transposing terms, final expression for the me. 


if, as in F ig. 1 1(6), the tangent of side slope is 
as ¢, then the area (A) is A= y (b +oy) =byt+ , in which 
_b is the bottom width of the channel, and the surface width is T = = b +2¢ ve 


Also, the wetted perimeter is. p= +2 + =b+ 2 yV1 
expression for the hydraulic radius i is stherefore 
; 
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— Ri, 208 R 


ied 


— 

— 

— 

|. 

— 

— 

— 
— 
- 


bd 


By the indicated substitutions, the differential equation can be 


the special case of cross = = 0, 2s sO 4 


Since for a prismatic channel the terms b, ¢, P do not vary, the expres- 
sions within brackets of Eq. 8 are functions of the depth alone. These 


nt in the numerator and denominator are designated as u and j, , Tespec- m3 


i] 


— 


are given: 


s 
> 
4 

3 
2 
=z 
— | a 

‘To illustrate { in 


contracta of 1.5 ft. The. TABLE 1.—Derermination oF at 


surface curve is Exampre wat. 


critical depth i 
found to be 4.49 it. Flow Depth 


under the conditions stated | 

will usually lead to an hy- 
draulic jump, starting be- 30° 
tween y = 1.5 anda critical 

depth Ye 49. For the _ 

purpose of illustration, — 2 
- ever, the curve will be computed on the assumption that the tailwater i is low as 


Bvaluatin = 0.0010, (0.013)%(1080)* 
89.3, & _ (1080) = 36, 200. 
and 11, _ the values of u and j can be fo found. _ Solution of Eq. 12 is then 


mpleted. o | aay ture sqole a hie 


th of Water 


ep’ 


{ 


* 


7. 


4 


400 #500 600 
Al h 
Distance Along Channel (x) in 


should be remembered that i is the water 


bottom. 
increasing depth i in ‘the direction of flow. 


—Water is f — 
is 20 ft. om under a sl 1095 
rng from under lice into  retangu 
a — 
— 

| Rector | hia | 
= 
| 
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ij; 


| deterssined are listed i in n Table 1 100 ei ai nl 
water-surface curve described by these slopes is plotted in Fi ig. 2. 
ou order to attain uniform results in the > sketching of curves in this paper the q 
TABLE 2.—DETERMINATION OF | Sunrace _intersectatthe mid-pointsof 
Store, ExaMPLeE 2 depth increments, that 
———— SS is, at y= 2.25, y = 2.75, 
5 Factor -andsoon. In this 
g689x10* | 5000x107 to give more accuracy in 
— = that part of the curve 


face obtained by the Bpkhmetell ms method is ‘shown by the dashed curve 

Engineering Experiment Station: Urbana, 40. 39 cu ft per sec of water 
Pit, was caused to flow through a rectangular channel 5 ft wide. The flume was ee 


on ona of S, = 0.0030 and was artificially roughened to obtain a 


fabs 


be 


w 


Depth of Water (y) in Feet 


-~ 


= 


1600 740012 1200 1000 800 600 | 


regulated in this particular test so that the depth at the downstrcam a 


a was y = 4.0 ft. The normal depth (yo) for the given conditions is found to — 


equal 1. 84 ft. Also, using procedures already described, N = 0.267 “and 
*“An caine of the Backwater Profile for Steady Flow in Prismatic Channels,” by W. M. 
Lansford and W. ‘Mitchell, Bulletin Series | No. $81, Univ. of ‘Dlinois, Urbana, 1949, 
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slope calculations are summarized i in Table 2 Fig. 3 ‘the “Surface 


ae equation may be avi to ‘yield results i in close agreement with those ob- ake 
tained by accepted integration procedures and by trial-and-error methods. at 
ag Any of these approaches involves an uncertain amount of inaccuracy due to 


the assumptions of hydrostatic pressure and of nondivergent motion. 
. error introduced through determination of energy loss by the uniform-flow 


Profiles plotted by any procedure are inaccurate in the vicinity of ‘the « con- 
1 ah trol section for most cases, since in the vicinity of the critical depth the e effect 
centrifugal forces is usually of considerable importance. _ The water er slope 


sketched between — sections s upstream and downstream. 
Aa 


te 


<4 formula is probably not t appreciable except in telatively ‘Steep or sharply non- a er 


a served in the laboratory. 
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5s! engi lo anaes 
Is s c s s ston 


‘ape Ivan M. M. ASCE rele: sketching the water-surface curves ob- 


tained with the aid of the slopes of water, computed by means of Eq. 12, the 4 ; 


has made the _water-slope tangents: intersect at the sf of 
depth increments. This eg equation be Tewritten as follows: 4 


: in whieh ee to the notation of the paper), , Sis the friction slope _ 
_E is the ' specific energy, or energy referred to the invert. _ Eq. 2 can be repre- 


= as the Bernouilli ew if the depth : i is added to both sides, if the 


Ve. 
+ 


+ hy, 


Fo in which the subscripts 1 and 2 refer to tei sections, distance dz apart; 


S. is the in elevation between the inverts at section 1 and 


which and EF; are the at 1 and 2, 
_ The only correct way to construct the water-surface curve is by integration. _ 
However, cases where integration can be used are rather limited because the | 
channel i is not a prism of uniformly varying cross sections. ft may be qu >: 


iam way that these tangents meet at the midpoint of the depth increment. = It 3 
rh _ may | be noted, that | the standard mathematical procedure for ‘constructing a 


The tangents will thus intersect at the vertical ordinates or, if the ordinates a 


are translated : a distance 3 » they will intersect at the midpoint between the a) 


and Structural E 
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In Example 1, itt ord linates 2.5 and 3. 0 a1 are selected, the horizont 


= 6.12 ft; S. = 
critical = = 0.00244; B 
01) (0.506 5059 — 0. 04155) | 176.0 


- in which the varied | ae functions are 0.5059 = B (m2) and 0. 4155 =B = 
Wi The curve in this example® is type M; and the flow is rapid and retarded. To 
use the Bernoulli equation in determining distance dz without trial, Eq. 15 : 


= 3.00 + 5. 02 = 8.02; = 0. 001; and S=0. 01095—determined a thik 


basis of an average hydraulic radius Ray = 2.155 and an average velocity 


yam If an average: value of the friction slopes computed 1 for the end section i isused, 
distance dz would differ more from the foregoing values. ‘The: following 

numerical data would be used : Vi = 21.6 ft per t sec; R, = 2.00 ft; V2 = 18.0 


ft per see; and Ry = 2.31 ft. Furthermore, = 0.01455, S: = 0.00815, 


= 0. 0117, ‘80 that dz = = 162 ft. In the f friction 
loss should | be computed by introducing R, and Vay for end sections a and 
‘a - determining the friction slope on the basis of their values. This may be proved 
by taking the general expression for friction loss and comparing the results. 

Thus, integrating the theoretical friction loss the aid | of the Bakhmeteff 


alts 


esame 
4 a 
= 
— 
— 
— 
4 
— 
Fey, — 
— 
ag 
f 
im 
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4 
n Eq. 17, K=A c VR 


#) 


the line of flow from an initial section. 


friction-loss computation is based on the date referred to the 


= Constant 
YORE OTS + PY GA? SoM 
the friction loss is computed | taking the average | friction slope, the 


Table 3 indicates that friction computations by the Bernoulli equation 
_ should be based on average area and average hydraulic radius, and not on - 
: Te av’ erage friction slope. In general, the method proposed. by the author gives 4 


Tesults within desired degree of accuracy is, within the ordinary 


Constant (3.42) Constant [1.36] 
3.93); or +15 Constant 


Constant 1.45), or +7 
range of variation of aecitenditiie How ever, with rapidly varying depths, all 
mt approximation methods (which includes the author’s method and the Bernoulli — 
N method when finite distances dz are used) are likely to give incorrect results, — 


a the degree « of error being established only after integration is ; performed. Sak "4 


7 


aig 
= 
— 7 
— 
‘type involved is evident at a glance. In Fig. 4, three 
— first: flow with y. > ye (class A), with y. = ye (class B), an ae 
— f invert in class A is adverse (class A-I), zero (class A-II), an > ian 
gentle (class A-III); class B is critical; and in class C if is grea — 
In any horizontal row the first figure shows the water 
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be 


(g) TRANQUIL, RETARDED RAPID, RETARDED 


ay 
pare __(m) TRANQUIL, RE RETARDED RAPID, ACCELERATED 


— 

> 


ay 


 water-surface ce curves is the same as that introduced by ‘Mr. Bakhmeteff and | 4 


; the flow i is tranquil and retarded; in the second \ vertical column it is ‘tranquil ss 


really ‘simple problem i in the hardest possible way. P| Since 1925, the writer has 


the friction slope, is and and thereisa 


Consistent with the letter symbole. adopted f the suthor, the notation for 


the classification itself is only a more graphical presentation of Mr. Bakhmeteff’s : 


and accelerated until it becomes flow at critical slope, where it is uniform, and — 
past it, it becomes rapid and accelerated; in the third pve column the ~ 
_ The writer has found that this form of classification i is s helpful i in determining a 
q 
been u urging the | use of a ‘simple step-by-step method applicable to all cases.*- 
This method is not original with the writer. It was first presented by Alva G. 


Husted. It is ‘strictly applicable to any form of water- surface profile on 
sustaining or adverse slopes under sub-critical or super-critical flow on rough or 


C. M. “ASCE. still persist in trying to solve a 


smooth channels provided only they are in 

uniform: channels—that is, rectangular, tri- 

angular, trapezoidal, circular, parabolic, ellipti- 
: ft cal, or otherwise—just so that the area and, 

consequently, the perimeter, radii, ete. are t the fi 
ig same functions of the depth through ‘the reach 

¢ 


| 


To illustrate the point that the writer 4 
wishes to make it will be necessary to 
> surface curves of Example 2 by the e Husted 


“Fig. 5 illustrates the conditions ns for this ex- 


ousted in which the bed slope is greater than ~ 


r 7 Stevens & Koon, Cons. Engrs., National Bidg., Portland, Ore. i aes 

* Engineering News-Record, Vol. 95, 1925, p. 550. 1 
ASCE, Vol. 102, 1937, p. 666. 


1¢ “New Method of Computing Back ter d Dr 
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the wate is to be considered a straight line; S, is the bed slope; and S is the _ 
g p 
iG friction slope. Table 4 shows the computations f for this example. The flow i is J 
we TABLE 4.—ComPUTATIONS | For EXaMPLe 2, BY THE Husrep ‘Mernop 
= depth; A > area; wet perimeter; R hydraulic radius; mean velocity; and 
energy. In ( Col.* Cols. 10 and 11, S = friction slope and Se = bed 
: z) ’ slope; one! in Cols. 12 and 13, Az = a finite length of channel, and z = = Az, the distance from the starting o 


p | 


3) | @) +- 4+ | ap 


12.0 
11.0 


54 
46 
36 
25 
1l 
06 


1 
1 
1. 
1. 
1, 


"Handbook of Hydraulics,” ” by Horace W. King, McGraw-Hill 


in the direction of increasing depths. There is a gain in seat energy Fa iv 
stream as shown in Fig. 5 due to the accelerating force of of gravity. . Fig. 6 shows 
thes surface curve taken from Fig ig. 3. if The circles are points given in Table 


~ 


_ Depth of Water (y) in Feet 


Distance Along Channel (z) in Feet 


critical and sub-normal, and specific energy diminishes downstream, result- 


ing in the formula, | 


— 
— 
— 
oy a A ‘oO 110% ‘0 4.04 | 0.254 | 2.254 | 0.408 | 0.394 | 0.00230 | 0.00070 ’ iii? 
| 870 437 | 0.297 | 2:147 | 0.107 | 0.419 | 0.00288 | 0.00012 | 800 | 
ok Co., Ine., New York, N.Y, 
— 
— 
= 
— = us Suriace curve includes a hydraulic jump but did . ii 
_ 


Fig. 7 shows the actual curve. The . began. at the 
" critical depth 4.49 and extended upstream using depth decrements of 0.10 ft on “a 4 
account of the rapidly changing curvature. The circles are points given by 
ae To locate the position of the hydraulic jump it was necessary to compute 


re values of 


Q ve were computed | from n both the sub-cr critical and ‘super-critical curves, 


Pi is in ‘the channel cross section V is the 


a momentum of the water, as set forth by ber Sallam Hinds, uM. ASCE. son 
— 700 | 


| 


gy, Super-Critical Depth 


+t. 


200 400 6 goo 1000 1200 1400 11600 1800 2000 = 
a Distance Along Ct Channel, in Feet ¥ 


ag 


7 
a 


(J 


awed bodily upstream from ore A to point B. The solid lines i in n Fig. 7 7 4 4% 
therefore represent the actual surface curve for the author’ 8 Example 1 neglect E 
computation of surface curves. from a varied- low function, as used by 
ie author, J. A.C. Bresse, Mr. Bakhmeteff, ,and others, prs practically precludes the 
_ possibility of taking all the factors into account. On the other hand, they are 
readily applied in the step-by-step method. © a example, if the writer were 
trying to find the surface curve for Example 1 he would compute it from an 4 
+ 1.05 hy) — 0.20 Ahy slut) 
in which hy equals the velocity head of the mean velocity. a 


Baginewing News-Record, ol. 85, 1920, p. 
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80% velocity head recovery in expanding areas. 


Maurice anv H. E. M. ASCE.— 
| lem involving the computation of a backwater curve has been solved by the 


shown i in Table 5 in Fig. 8. are given on the relative ac accuracy 
the various methods and on the relative tediousness of the work involved in 


7.0 


4] 

ra Solution 
‘Step Method — 


— te 


Problem. —The problem selected for ‘requires the of the 


backwater curve for a stream under a 


a sluice gate into a rectangular 3 ns 


Graduate Univ. of Illinois, Urbana, Il. 


4 
is 
4 elfom 
bing 
4 
4 
_ 0.0004 and the value of Manning’s nis 0.01486. Thesluicegateisregulatedso 4 
that the rate of diccharce ic 138 ersee with a depth at the vena contracta 
— 
| 


ines 
ry Steps in ; 
Mansing formula, is fe found to ibe 4. 0 ft depth i is found to be 1 19 


Hence, the surface curve will be of the M-1 type of gradually varied flow in a 
5.— Compurep DISTANCES (IN FEET) Solution Graphical 


THE CHANNEL, BeLow a Integration—As- explained 
4.5 Fr Comparep sy Srx Mernops Hunter Rouse,* M. 
ASCE, but using the ‘Ameri- 
Depth Graph- Step Mome- Jansen ean Standards Association 
11,025 | 10,933 | 11, | 10,170 | 12,088 
| -0.83 8 | -7.75 | +9.6 
deviation from the graphcial method at a depth 


n which a and b b represent ony two backwater curve. ‘That i ‘is, 


= 


of between pointes an aand b. The value of can be ob- 


pom If the curve of is 


against any con- BY GRAPHICAL INTEGRATION 


between two points on on te | Pope 


4.5 
_ the area under the (2. -to- 14 


-j-curve. Such ‘or 70 


owe In Col. 2, specific energy is y Distance, in feet, 


"along the channel below a depth of 4.5 ft. T 


the results of the computa- 


“tion by the graphical meth- 


Solution by Step Method. of the distance between two points 


on a backwater curve can be derived from the Bernouilli theorem and expressed | 


ub Mechanics of Hunter Rouse, John Wiley & Sons, Inc., New N. = 
pp 


— 

> 
— 
— 

— 
Be 
— 

Gis 
2.92 | 9.26 0 = 
21s | 5.50 | 3,281 
| 2.72 | 6,080 | 135 | 3.775 | 1,955 | 7,638 
2:82 | 6,508 | 3.45 | 1,748 9/386 
| 292 | 7,059 | 0.902 | 3.23 | 1,639 | 11,025 
= 
t 
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ethod'*.—Mr. Bakhmeteff Specific! | Friction] Mean |Distance 


derived the expression, * (ft) 107" channel? 


ai _ Friction slope in Col. 3 is Sy X 10-4. Distance in feet 
aid of t tables for N and for long the channel belowadepthof4.5 ft. 
computed by Mr. Bakh- 


‘- increments of depth so that 8 may | be assumed to be constant within each inter- 
val. Results of computations by Mr. Bakhm eteff’s method compiled in 
‘2 M ononobe M ethod”. —In this method the assumption i is made that both © x 
1. area A and the wetted p perimeter Pym ay be expressed as monomial func- 
tions of the depth y. For example, P,, is equal to a constant times y' and A is $y 


vic The expression of of 


Nagho Mononobe, based on 


Area | Wetted | Hydrau- Rw |Convey- Constant 
ance 


“Hydraulics of Open B. A. Bakhmeteff, McGraw-Hill Book Co., Inc., New York, 

 ___ “Backwater and Drop-Down Curves for Uniform Channels ” by Nagaho sommes: Transactions 


expression applied to _ — 
F 
a — 
— 
— 
— 
55 5.115 |o472| 218 | 255 | 69 |3,250| 3,280 
— 
— 
| 
b- — 
— 
— 
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“The involved in ootaputetion of the complete curve for 


; the illustrative example i is so tedious that only the distance between the depths — 
of 4.5 ft and 7.0 ft has been located. 


was found by means of the « 


9. —COMPUTATION OF THE BACKWATER Curve 
THE BAKHMETEFF MerHoD 


BN, 


0.5760 fy 3,336 
0.4520 
0.3720 
0.3165 
264 


— 


AB(N, 


erage) 


(11,204 


and charts that 


Ries. 


as 0.004 3. 00 — LL 93 — (2, 42 — 1 83) = 170 ft. 
Method of Ming Lee" 3. M. “ASCE —Mr. Lee’s basic is in the 


in which all nomenclature is “standard values of ip 


2 


Anas 4 4 


| 
ral (4) 


Distances in feet along the channel below a depth ¢ of ft. 


| &§ 
— 
— 
«4 
mop or 
— ous | -o2me | § 
Its shown in Ta fulfilment of the requirements for the 
the results in Uniform Channels on fulfilment of the 


The J Method. of computations of the of the curve 
various points by Mr. Jansen’s method are shown in Table 11. In sketching 
curves by this method the tangents are made to intersect at the midpoint | A 
_ between contiguous depths. The backwater curve resulting is shown in Fig. 8. _ 
 Summary.—Theoretically, the the graphical method yields the most accurate 


7 — because no assumptions a are made concerning g the conditions in the 


integration procedure, other than those made in the derivation of the equation 
ae of gradually varied flow. However, the e work involved it in this method i is tedious. Py. ie 
Pe. _ The work involved i in the step method i is relatively simple and the results are ¢ of heh 
a sufficient accuracy for most purposes. The methods of direct integration pro- as Pgs i 
by Mr. Bakhmeteff and by ‘Mr. Lee give ‘similar results and are Jess 
tedious than the gra graphical method, but may be less accurate because of a assump- F 
tions made i in the computation of the integral functions. In the Bakhmeteff _ a a: 
between the conveyance and the OF 
depth holds for a wide range ATE Curve BY 
depths. However, there may be i 
Mes: 
appreciable changes in the velocity — 
heads that are significant. Hence, bite 
the limitations imposed by assuming 
8 to be constant make it necessary to ar, 
restrict the computations to ‘small 
increments of depth. In Mr. Lee’ 
591 
4.92 
a _ taken over r wider ranges of depth. i, Under such asian the Lee method may “Cola 
a In the Mononobe method the computations are more direct i in that the — 
distance along. the channel between any two sections may be determined in one 
step. The integration of the gradually varied flow equation is simplified by ein 


making the assumptions that both the wetted perimeter : and the area can 1 be 


a nobe method is the difficulty of using the graphical charts prepared by him, “7 ae 

the inherent errors Tesulting from interpolations i in the reading of the chart. 
iz Mr. Jansen’s method and Mr. Mononobe’s method differ from.each 
: * and the other four methods investigated, in the results obtained i in the illustra- x 


the of lines and curves. In the Jansen method, in order r to ob- 
tain a uniform curve the computed tangents are made to intersect at the mid- _ 
point between contiguous depths. . The accuracy with which the location — 
" such points is determined a the degree of approximation i in the. shape ¢ of the 


C. Wu,” A. M. ASCE.—The determination of water- surface profiles 


‘in open channels 8 carrying ‘Steady nonuniform flow was first one by — 


| 
- 
Vig ‘ 
— 
q 
— 
— 
— 
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Bresse®*” for an infinitely wide rectangular channel as as 1860. 2 
Bakhmeteff first suggested a generalized solution | for channels of any 
By which, in 1932, he published? giving many numerical solutions. In 1948 
Phillip Z. Kirpich,” A. M. ASCE, proposed a dimensionless formula with a set 


oft curves for the solution of the hydraulic exponent, np, for rectangular and 
7 bh trapesoidal channels. ‘ In 1949 M. E. Von Seggern,* A. M. ASCE, introduced — 
“a another exponent m, in order to the integration of the 


a Eggs. 10, 11, and 12 can be extended so that values of the u-functions and 


j-functions are in dimensionless f forms. a= = and simplifying, — 


a 


Next, assume that u = = U andj j = = J (both of which are dimensionless 


ae functions depending only tend since Pisal also a function of Eqs. 33 


L 


| 


™“Mechanique appliquée,” by J. A. C. Bresse, Mallet-Bachelier, Paris, France, 1860. 
“Hydraulics of Stead Bont in Open Channels,” by 8. M. J. John 


pre New York, N. ty 
_ %“Dimensionless = Hydraulic Elemente | of Open Channel Crom Section,” by Phillip 4) 
ich, Civil Engineering, October, 1948, p. he PUR it 


the of Flow, by M. E. Von ASCE, Vol. 
q P 


| 
| 
— 
\ 
a 
¥ a 
— 


extreme right of Eq 35 are For any 
prismatic trapezoidal channel (including channels), both N’ and 


=a 


92 


2 468 468 


can be easily calolated, and | U and J can abe obteined ‘either from cu curves (such 
i 2 Fig. 9) or from prepared tables; and the —_ dy/dzx between the desired 


_ author. . The practical solution | of the ‘equation requires the use of special — 
— tables. s. The surface curve itself must be found from various values of the slope 
either graphically or numerically. be In order to test the advantage of the pro Rae 
- posed method, it seems logical to compare it 


Director of Water Section, Public Works Dept., State of Israel. he 


— 
— 
oe a 
— 
— 
= 
— 
i URVES OF J FUNCTIO = 
0.03 
iy 
a 
> 
2 


the relation ( 


i) 


With hy textbooks usually a definite v: vila: for dz to 

= "find values he and S that satisfy Eq. 37. The method thus becomes subject to - 

oe - trial and error, which can be avoided 1 by solving Eq. 37 for dz. An inspection — .. 

the right side of Eq. 37 shows that is given, 

if shooting flow exists. To determine hz as- . “ 
sume a reasonable value, ye = yi + Ay. 

= flys), and V2 = Q/As. Theslope of the 

channel bottom, S., is given and the energy 


< 


that 


of the method is in Table 12, using  Exampl el 
The values are converted approximately into metric system, that is, b = rie 
= 0.45 m; Q: = 30 cu m Per sec; and, n® X 10 = 1.69. The cal- 4 
a . The tabulation ‘method can b be 
2 for any y uniform cross section and gives a direct solution for the water sur- 7 
_ face whereas the proposal by the author i is restricted to a special shape of cross 


seems to be be simpler and most 


(Eq. . 88)| 


11.1 | 6.75 35 . 60 3 0.44 0.33 | 0.0495 
8.35 | 4.15 | 0.75 . . ‘1.15 | 0.54 0.44 | 0.0220 
6.65 | 3.00 | 0.90 55 ’ 0.53 3. 5 % 0.64 0.55 | 0.0115 


_ In the case of the more complicated problems actually encountered in prac- a 


with advantage in a tabulation method. For example, the writer has been re- 
quired to calc backwater profile for a a trapezoidal ri river ‘channel with 


tice, the idea of finding the surface line by calculating the slope first, can be used 4 a 


= 
SKI ON NON | 
expressed by 
: 
— j 
— 
— 
— 
> ‘Section, requires previous tabulations, and inciudes (ior the graphical 
— 
| 
rele _ @1 meter (Cols. 1, 3, 4, 6, 7,9, and 13) = 39.37 in.; 1 meter per sec (Cols. 2 and 5) = 196.85 ft per 
min = 2.23693 miles per hr; and 1 meter raised to the four-thirds power (Col. 10) = 133.8 u 


PIETRKOWSKI ON NONUNIFORM FLOW 
a toe gradually increasing width and dikes for a double profile. The waters filled 7 
cross section in that case is not a function of the depth alone. is also neces- 
‘sary to know the place along the channel at which this depth occurs. dis-— 


US, 


3 


1250: Q- = = cum apere sec ec (263 acre-ft per hr); 
a section 1 are assumed known, with y; = 200 m; a: and = 1; 


me discharge conditions at control sections are examined over a distance 
m, with the energy grade lines intersecting at Az 2; ‘thus: 


4% 


=" 


{ 


"a 


4 


— 
— 
_ elevation and sl 
— 
iy q 
7 Ang 
— 
- 
— 


1 


by 


Re 


2. 16 ¢ 0.10. meters 88.91 9 inches 
2.18 


RE It a that Y2 = = 2.03 m. 
ily by trial and error; but it is possible to calculate, beforehand, 4% 


1:830 


= 


a 


ry 


nd 

A 


4 


384 4 feet per min minute 


Ones 
93 


aa 
— 
— 
— 
‘table or diagram Of several values irom which that one is selected which wil 

sid 
— 
— 
| 
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830 Of 


2.38 + 2. 50 meters 
2.50 


~The value of H 2.26 meters (89 in. agrees with that in 
Bt). ‘With the continuation | of the calculation to sections upstream 


necessary to take the flow in the side channels into account. — It will be su suffi- 


ty 


nels in accordance with the relation, 701 ai 
Separation losses and eddy losses can be accounted for by a suitable : 
of the friction value n for each stretch dz, separately, 
To o summarize : The basic idea offered i in this paper should no not be w wasted on 
simple problems for which the existing methods are good enough, but should 


be used for more cases, where the existing 


are inadequate. 


B. JANSEN, J.M. ASCE. A lucid veri 


by the ‘suggested graphical procedure has been Mr. 


Stevens. it should not be surprising that curves this method con- 


om If Eq. 2 be considered in finite terms, it can be written as i Cn thy” 


ofl vd bose Ay 

on wid} hed Az” Ar t Az | 29 


Multiplying Eq. 41 by Az, and substituting S Ah and A 

brit Az = S, Ax +. Ay y+A 42) 

— Associate, Bureau of Eng., City of Los Angeles, Calif. 
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¢ cient to distribute the discharge between the main channel and the side chen- a 4 ie 


im 
| 
> | 
— 
— 

— 
— 
— 
. — 
— 
| 
— 
— 
— 

— 
— 
— 
vag 

- i of solution are based on the classic law of the conservation of energy, and both ae eS 

make use of weighted energy gradients to define the water slope in a finite 
crement of channel. Any discrepany observed between the two curves should 
— 
— 
— 
— 
— 
— 
a 
= 
— 


which is the same as Eqs. 20 and 22. 


: avd In deriving Eq. 43, friction w as the only cause’ of energy loss included. — 


to loss into the term KA should be 


ads 
tracted the right side c of Eq. 42 that the becomes, 


asre It is lamentable that relationships for energy loss in an open channel have = 
‘not been developed for nonuniform flow. ~The use of the Chezy equation in 
; this case is pardonable only because no satisfactory substitute is known. — - 


Prsrs it is generally accepted that the loss in in diverging flow is greater = 


that in uniform flow, no reliable mathematical statement of the difference is 
available i in the technical literature. The eee of the eddy | loss coeffi- 
cient, K, isa rough attempt to compensate for the lack of a proper formula. 7 
Stevens’ selection, K = 0.20, is a value frequently applied i in practice. ace bor oe 


8 and Eq. 12 will be chang ed to : 
te 
the coefficient K the a, a, as by 
dimensionless, their introduction into the writer’s equations calls for a very 
minimum of effort. This is contradictory to Mr. Stevens’ opinion that 
eo computation of surface ‘curves from a varied-flow function as used by the a 
author * * * practically p precludes the possibility of of taking all the | factors 7 
pet... writer Ry not consider it necessary here to defend the merits of ia 
as Manning formula, particularly since, in this case, it yields results close to those — 
by the Kutter relation. However, Mr. Stev ens may find some argument 


aA, 


—_ 
= (43) 4 
ae i 
— 
— 
— 
— 
— 
— 
A 
| 
a 
ae 
ness factor nis a topic for e 
lly incorrect since the dimension of the roughn 


a : 


JANSEN on FLOW 17 : 
to the opinion of Mr. Stevens and Mr. Pietrkowski, the tables of 


if he depth functions, u and j, are not essential to the method presented in the ~ Sc “i 


a paper—no more 80, in fact, than they would be to the Husted procedure or oe 
= advocated by. others. It will be noted that these functions are simply — 


value of tthe is obtained by multiplying by 


been in Eq. That relation ean be rewritten to give 


id 


ee ae. u and j to the computation of surface curves by step procedures, such ae 
th those recommended by Mr. Stevens, would be more than a minor convenience. * 
In order to illustrate the general applicability of these functions, reference ae 
is made to a graphical method described by 8S. M. Woodward, Hon. M. ASCE, ane 


» 


im 


under the resulting curve between , and isthe distance betweenthe 


a = should be emphasized that the functions u and j are of general purpose, = - 
yj and can be applied to advantage not only i in the writer’s ‘solution but in the ~ 


Pe: These values of f(y) are then plotted as ordinates, v ersus depths as abscissas. ee 


i Woodward -Posey method and the Husted method as well. . This point can meal 4 
best be clarified by considering a typical problem. 
d a Example 3.—Water is flowing from a reservoir into a trapezoidal spillway a 
+ channel whose bottom width is 15 ft. The slope of the spillway floor is S, = 
a 0.0530 and the Toughness of the lining is given by n = 0.025. The rate of flow ay 
" is 1 000 ¢ cu ft p pens sec. The side slopes ‘of the channel : are both 1 on 1.5. 


‘ 
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= fly) dy. — 
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The depth of the section is siven by = ft. The constant. 


Values of y 


at» 


“When = 4.0 rt, 
required for direct plotting i is presented i in Table 13(a). ‘The 
curve of the water surface in the spillway is drawn in Fig. 14. 


TABLE 13.—Compurations ror EXAMPLE 


Stores* SOLUTION BY THE HusTep Mernop 
Factor® 


: 
3.00 . 62.1 
139.9 4 415 
Summation, i in fant. 


values to by 

os gl n order to solve this problem with the graphical device suggested b 


rat ‘Woodward and Posey, the values of fy) are wm against the ee 


A 


— 
— 
— 

ig. 13 which was 
j are obtaine ide slopes of 1 on 1.5. 
The value riter’s tables of the 
q 7ed from the w Fi 
derive 
‘ 
> 
— 
\ 
— 
a 
— 
— 
— 
— 
— ‘the station where the depth is 


= 3. 50 ft, etc. The water-sur- 


Table 13(6) were obtained by applying Eq. 5lain finite terms. 


= 


a ~ 
= 


pe 


— 


Ss 
” 
fo} 
= 


a 


75 { 3. 
Value 


The lengths shown in Table 13(b) ‘are deen to’ be practically the 
those in Fig. 15, the latter having been computed as suggested by Messrs. 
a at This typical problem has thus been solved by the Husted method, by the Piz 
34 Woodward-Posey graphical procedure, and by direct plotting of the ete 
ad surface slopes. In each of these three approaches, ' the general depth function 
Be: u and j have been used to reduce the labor of computation. The close co1 
2 ®. _ formity of the resulting water profiles, illustrated in Fig. 14, indicates that any 
a these solutions provides acceptable accuracy. Whether one or ‘another 


method will best solve a given case will depend upon the length of the «cai ; 


closing statements e to show that Mr. Stevens and the writer are 


— 

For finding the water surface by use of the Husted method, Eqs. 51a and 
51b can again be advantageous. As is customary in the step methods, the 
= of the variables will be averaged for each length of channel. The 
factors u and j in Eq. 51b, therefore, will be taken as the averages of the func- 
Ons 2 atio de nne he in = en he pS S 
a 

a3 

— 
— 

— 

— 
4a 
— 
— 

— 
— 
— 


same and produce identical a In n each 


ase the calculations a are started from a known depth, and the ee functions - 


_ +t Mr. Stevens’ distaste for lengthy formulas and laborious calculations is 
shared by the writer and by the multitude. The merits of the suggestions © 
offered in this paper and its discussions will be found where there is a ati, in 
4 the time e spent by the designer. 
Messrs. Bishay and Babbitt have contributed an interesting comparison 
: 4 of several methods by use of a single example involving a relatively long water-_ = 
surface curve. ‘They ha have shown the writer's s procedure to require probably 
mh the least volume of numerical calculation ; but, at the same time, they indicate 
an appreciable deviation in the computed length along the phannel for a given — 


11,000 ft down the channel, not how far it is to where the depth i is 7.0 ft. He 7 
_ wants to know how high to build his sidewalls and how much freeboard he will 
ie need. The percentage deviation of depths Soajpeted here would be well 
within the limits \ usually 1 required by y the designer. 


tion. However, common methods of integrating t the water-surface equation 
a y: involve their own n approximations and | give accuracy ey which is not alw: ays ade- 

{ = quate compensation for the additional labor required. In most practical — 

eases, ease of calculation is more attractive than laborious and oh acme a 


ee In the introduction of the method of ‘direct plotting o of the water- surface 
Np - curve, the tangents were arbitrarily made to intersect at the midpoints of the _ 4 


a depth increments in order to attain uniform results for illustration. It w was g 

stated that this procedure can be modified in practice to give more accuracy in - 

hs that part of the curve where the slope is varying rapidly. In problems solved a z 
‘by the writer through use of the unmodified procedure, the discrepancy in ss 


: _ depth has not been greater than 4%, the average being about 2%. If more A q 
is vequired, smaller depth increments can be taken, 


| 


settion. The method is in fact free of any ry such restriction. Although 
4 the final equations presented here are limited to trapezoidal channels, the po- 
4 tential applications of the basic idea are manifold. gisiow te 
thought-provoking international ‘responses to this paper have en- 
hanced its value immeasurably. 


— 
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— 
— 
— 
— 
— 
a 
— — 
— 
—— me would be possible to show that two curves approaching near the normal depth ey - 
could differ in length by a percentage approaching infinity, even 
actual depths at a given station were nearly identical. ‘This is 
@xample, of course, but it should illustrate the uncertainties of such 
— 
| 
— 
— = 
be 
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aaa to this problem is offered i in this paper. “Existing Sheers? on pool 

_ in open channels i is reviewed, and a logical derivation leads to the development 

of formulas and charts to determine the relationship between stageand discharge 
a given reach of river. An interdependent treatment of the 
of flow and the sedimentary y characteristics of the stream is 


other are § studied and formulated, and suggestions are made for practical 
application of a proposed rational method of friction evaluation 


we 


In dealing with natural streams with movable ‘edie; the engineer is con- 


with the problem of evaluating frictional losses. Unless adequate and 


E — com mplete data are available to guide him, too often not the c case, his evaluation ae fs 


= doubt inevitably present i forces the engineer to’ be conservative. The degree mer 
exercised is reflected i in project costs. If the element of doubt 


= the lowest 


value of a particular stream which no no data are available, there 
are likely to be as many different estimates as there are estimators. Even when 
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yracticabdile limit. substantial savings in the costs manv Nvdrauilic 


roughness data are available a stream, often these data are appli- 
o cable only within a very narrow range of discharge and for a particular location a 
a on the stream. It is not uncommon for n many engineers to think of a natural — i. ae 
_ river channel as having a single roughness value for all discharges. Even some. oe 
os 4 ons those engineers who feel that the roughness value n (as applied to Manning’s ~ Be 
_ or Kutter’s formula) varies with the discharge Q are compelled, by lack of data s s 
concerning the variation of n with Q, to assign a single-valued n to a particular — 


real- 


characteristics of flow are With regard to the 
- mentary characteristics, frictional losses i in natural streams depend on the sine 


Ms, a size, and s spacing ng of irregularities within the boundaries of flow. 


lack of these irregularities that laboratory roughness derived under 
_hydrodynamically similar conditions often do not agree with the roughness 

_ values of natural streams. It is probable that these irregularities are a function % | 
of the sediment transport which i is certainly a function of flow conditions. 


ee interdependence of the sedimentary and hydraulic conditions of flow is obvious. | a 
sf the functional relationship between the irregularities of the bed and the sedi- __ 
. ment transport can be expressed in dimensionless form and evaluated by means 2 i 
~ of experimental data, it will be possible then for the practicing engineer to use ” 
_ this relationship as a means of evaluating the frictional losses of natural streams a 
with considerably more confidence than in the past. 
at Turbulence theories have substantiated beyond doubt that the distribution a 
of flow velocities in a real fluid (with internal friction) is very ¢ closely related to ol sg 
_ shear stresses in the fluid. Since the flow of water in an open stream channel is 2 
- influenced by friction along its solid boundaries, the bed and the banks, the a 
_ frictional effect on the flow may be measured ol 


ty shear stresses along these boundaries. 
ie an 2 


Fig. 1 the total shear force along the wetted 
boundary surface . LpisL pT in which is de- q 
fined as as the average unit shear stress, parallel to . 
“the direction of flow, within the body of water of 
on oF length L and wetted perimeter body of 


of cross-sectional area A, has a weight 


x tet in the direction of flow of A L w S, in which w is the unit weight of water 
_ and the slope S of the water surface is small. For the case of uniform motion 
ay aa the e algebraic sum of the forces acting parallel to the direction of flow must equal — 


ro zero since no acceleration of flow takes place. Neglecting air friction at the _ 4 
open surface and noting that the total shear force acts in a retarding direction, — = 


ve 
r 


- > 
— 
I 
— 

frictional losses in natural channels is needed. ‘he writers believe that a 
istic appraisal of frictional losses in streams with movable beds is possible 
> 

— 

< 
— 
— 
— 
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w/gi is the unit mass wpntigns in which g is the acceler eration due fies to gravity, Veg 


Both forms of Eq. 2 are equally ‘vabatilile: ‘The dimensions of the channel ap- 


pear only in the ratio A/p = R, commonly known as the hydraulic radius. 


_ the derivations of this paper it will prove most helpful, however, to think of the | ‘ior 
hydraulic radius a as the ratio —, the mae of the volume of the flow segment — 


to the corresponding frictional surface area. pe instal 


Fluid | mechanics teaches that on a hydrodynamically smooth wall the shear 


fluid, whereas on a hydrodynamically rough wall part of the shear forces are é 
transmitted | by unsymmetrically distributed normal stresses on the individual 
‘roughness protrusions of the wall. In the latter case the degree of resistance to 
Kn flow depends to a great extent upon the size, shape, and spacing of the individual — 
irregularities. This s type of resistance is commonly cal called form r resistance. 
actual flow pattern i in the immediate vicinity of a rough wall is basically ‘flr 
ent from that near a smooth wall. However, at a distance away from the wall 
of one or two roughness lengths / K, this di difference disappears the 
flow | patterns become identical. edt ofa be: od yam fe 


Rovcunzss 0 OF A STREAM 


a Derivations. oe rough wall discussed so far is a wall with aaa 
straight nd practica ally uniform roughness. 


comparable to that of Mr. Nikuradse’ 8 pipes, and 


‘ally that of a alluvial stream, is basically different from that 
of Mr. Nikuradse’s experimental pipes because the surface is not straight. It Bs 

is often irregular due to sediment-bars of various scales. ae 

The foremost problem confronting engineers who deal with natural streams 

is to evaluate t the influence of the irregularities of the stream bed surface / upon os 

the grain roughness. It is very likely that these surface irregularities : are 

es source of additional friction losses over and above those caused by the grain ee 
roughness alone. The question is can these additional friction losses _ be de- 


= 


der tarbulenten Strémung in glatten by J. Nikuradse, Forachungsheft 


2 


‘“Strémungsgesetze in rauhen Rohren, J. Nikuradee Forschungsheft 961, Verein Deutscher — 


the resulting frictional losses due to the grain roughness alone may be calculated 


 seribed physically. _ Aclue to the answer may be found from a consideration of 


— 
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iim 
a 
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— 
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— 
— 
> 
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example of such a straight, unliormly rough suriace. ‘Lhe individua 
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CHANNEL 


duced to that of calculating 3 


a4 the ret nd factor n may be replaced by the grain roughness diameter K, by 
means of ag formula® by K. Strickler: mind 
in which. = is measured in feet. By means of this substitution and by hen use 
e rearranged into the form: 
& follows from the way Eqs. 2 were ‘derived that i in Eq. 5 R is ‘the hydraulic 


i the cross-sectional ; area A (contributing the energy that i ‘is converted into oturbu- “4 
lence perimeter of representative grain in roughness K ) and 

ait a 


g= Vi Eq. ‘5 becomes 
This is the Manning-Strickler equation. ‘; It n may be replaced by a 1 logarithmic 
that is better by theory :- Bub 


‘This ‘equation gives for a very wide range of conditions (4 000) 
"practically the same results as Eq. 6. Eq. 7 seems to be very reliable in de- 


zur Frage der Geschwindigkeitsformel und der fir Strom Kanile und 
by Strickler, } Mist. Ni No. ‘16 des Amtes fir Wasser wirtechaft, 


‘ “Flow on a Movable Bed,” by H. A. Binstein, Proceeding, hy Conference, Iowa I Int, of 
4 State Univ. of iowa, Iowa City, Iowa, 1942, p. 


| 


a 


| | 


a 


s irregularities such as elbows, enlargements, contractions, Or any Other type 
transitional fittings. It is common knowledge that, despite the very serious 
theoretical objections due to the basic nonlinearity of the problem, one may 
| a reasonable degree of accuracy determine individually the friction losses 4 
a i in each element of the pipe line and simply add them to obtain the total loss. yg 
neglecting the mutual interference of flow = 
ments of the pipe line, the problem is thus rey 
a te rae individual losses. The same type of approach is suggested in this paper for 

oe Re ow determination of the additional friction loss due to irregularities of nat 

streams with moving sediment beds. 

1 San The friction loss due to grain roughness may be evaluated by use of 
am Bers Manning equation or by any other suitable open channel formula. In 

— 

4 
 _ 
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if 

— | 
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i all For such flows the 4 
— atio of the volar diameter K, to the theoretical thickness 5’ of ” laminar 
in which » is the kinematic viscosity. 


If K,/6’ is smaller than 5, Eq. 7 must be The correction 


a” made by ne a factor z into the equation which then becomes 


fia? 


05 07 10 ‘4567810 
Fig. IN THE LoGariramic Friction ForMULA 


relationship is derived ‘from -Nikuradse’s measurements,‘ of flows over aid 
surfaces. (i some practical applications the factor z may be neglected since a “a 
7 its effect: upon the ratio can never be more than about 20%.) 


= Besides these usual friction losses attributable to the grain roughness in the 


natural stream, there are additional friction losses whose origin is connected in 
- some manner with the presence of sand bars, sand waves, and other irregulari- _ a 


¢ Bde, ties of the channel. For the easiest understanding of how these irregularities ao 


generate additional friction losses, imagine them 1 to be uniformly ‘sized | and ae 
uniformly spaced protrusions of the stream bed, such as piles or single rocks. a 


_ Assuming N to be the number of protrusions on the surface area L p (Fig. 1), ae a 


oGraw- Boo 17 
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CHANNEL 
protrusion having a area a diverting the flow, the drag 
ie. in which cp is the drag coefficient of the protrusion, depending on its shape and 
Pe size. The total drag force, in the direction of flow, on N | protrusions is then 


nents: The shear force due to the grain roughness L pr’, and the shear force 


n do Ar Area A’ is that: part of the total 
ow which pertains to the; grain as previously defined, and A” is that part 
_ of the total area which contributes the energy that is spent in friction due _ 


to th larities of the channel. Eq. 1 be writ 


Ea. 13 by Lp and d designating as gives 


= 


It will bite noted that the derivation of Eq. 16 depends on the basic assumption | Br 
that the grain roughness and the i are uniformly distributed over 
The entire expression on the right aa of Eq. 16 isa function of the shape, 
: ‘a size, and frequency of the irregularities along the surface area Lp. Now, — 
thinking of the irregularities (or protrusions) as sand bars, it is most natural ito 
Hy. 4 expect them to be a function of the sediment transport | along ‘the channel bed. 
ha This sediment transport is itself a function of the shear stress 7’, on the sediment - 
grains and of the representative grain diameter variables 
and Di is reflected is in the dimensionless vvariable® 


= 


=> 


* “Formulas wad of Bed Load,” by H. A. Einstein, ASCE, Vol. 107, 
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mass den iment i in air py is the anit’ mass 


 theref re, V”, never in a a real varies, depending upon the 
degree of the irregularities. The effect of these irregularities is to distort the : : 
a flow pattern. When the discharge i is least, the distortion of the flow pattern is 4 bs 


«greatest (as witness the meandering of natural stream at low flows). i As the 


Missouri River Near Fort Randall, S.D. 
Missouri River Near Pierre, mcg a 
Missouri River Near Omaha, Nebr. 
Elkhorn River Near Waterloo, Nebr. ~“el 
Big Sioux River Near Akron, lowa sy -m 
Platte River Near Ashland, Nebr. 


ction Loss Dus To CHANNEL ABA Funcrion oo 


cieih the distortion of the flow v pattern becomes less and less because - 
alinement of flow becomes progressively straighter. Consequently, one may 
expect that the additional friction loss (or V’ diminishes as the discharge 
that an increasing transport. of sediment means that. The 
relationship between V/V", and y’ has been determined from actual 
4 iaents for a number of rivers, most of which are in the Missouri River Basin. 
_ The results obtained are indicated in Fig. 3. Except for heavily vegetated nay 
oh streams, there appears t to be a fairly well-defined relationship between V/V i 
for the relationship sought has been drawn in _ 3. ES ie 


— 
ty Friction Losses = Vo SR” = 
— 
— 
a 
— 
— 
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comp 
«exists a ‘gaging ‘station where the relationship between discharge a water 


2,°The over-all | slope of the reach was determined as the total drop divided 


Surveyed cross sections of of the river channel spaced more or less uniformly 


> acre throughout the reach were then ‘superimposed upon one another at the ce 4 | 


ver - station, using the over-all slope as a means of bringing adh cross sections to- E 


>* 
= 


The river width for common water surface line 
with discharge at the gaging station) was obtained, and then the average widths — 
at depth intervals referred to the common line were calculated. . Thus, 4 
average cross ss section for the entire reach of river was determined. pode 
_ 5. Mechanical analyis curves were constructed for all bed surface samples 
at least 3 or 4 samples at each cross section o ained by drag bucke in the 
(at 1 t 3 or 4 les at each ti bt d by drag bucket in th 
=z active channel) and an average, composite mechanical analysis curve was then 
determined by taking the average of the percentage values from each individual 
| wd 6. The value of K, to be used in Eqs. 6, 7, 8, and 9 represents oe os ae 
‘ae roughness. , The grain size on the average mechanical analysis onrye at which — 
65% is finer was taken as a representative value of 
Hydraulic computations w were made using the average cross: section, the 
over-all slope S, and the stage-discharge relationship at the gaging station. _ 
- Thus, for every chosen discharge | the cross-sectional characteristics A and R of 
_ the average section were kno known. The hydraulic computations ar are based “pon 


The water surface profil 
remains straight with unvarying as the discharge changes. 
The average cross section in a fairly reach d does ‘not substantially 


change in shape and size as the. discharge v varies. (There i is ‘some 


— od 


_ ¢. Because of a and b the uniform flow woqntiias may be used with a 


8. 7,8 9 were then used to R’, with a all other quantities 


ee, _ The total R was determined as A/p, and the R” was determined as 
latter step is permissible because both and R” are derived 
from the : same wetted perimeter p, and A equals A’ + A” as defined ‘rere oi a a 
10. R’ and known, the dimensionless values of V/V", and a 
lly evaluated a nd plotted in Fig. 3. Vv", = VgSR" 


ve = 1, 68 from Eq. 17. The ratio which the 
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4 to have a value | 65 and 1.70 for most natural mix- 
tures, with 1.68 a fair average. The representative grain diameter D of the | 
i sediment that is transported along the stream bed was chosen as that grai 
size on the average mechanical ‘analysis | curve that is 35% finer? 
In making computations for comparatively narrow streams with stee 
banks, the fric friction loss on these banks was calculated separately as friction _. aa 
ny rough wall, using Manning’s s formula (with V and S known and n assigned) to ee 


determine the hydraulic radius R, pertaining to these hanks. Then the area 


4 


= 


a. _. = Ry X wetted perimeter of the banks was deducted fi from the total cross-_ pas 


sectional area A to give A’+ A”. With A’ = R’ X total wetted i 
i less wetted perimeter of the banks, A" was determined a as A — A’ —. R” ¥ 
was then | computed as the « quo otient of A” divided by the same wetted perimeter es 


that was used to evaluate A’. 
Description of River Reaches —A brief description of river reaches that 
selected for study and pertinent data are given in Table 1. The data fur-— 


in Table: 1 are enough to permit a ‘computational check of at at 
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CHANNEL 


Any DiscHarce 


aa 


vie 
| Approximate location| Length Maxi- | 


(8) 


.| Pierre, 8. Dak.*..... 
Ft. Randall, 8. Dak.¢. 
Omaha, Nebr.‘..... 

7 


WN 


tal 


_ @Subseript to D refers to ‘percentage finer than” on average mechanical analysis curve. * Fairly straight — 

many large sand bars. ¢ River works for navigation have materially narrowed natural stream; sand bars not as 

_ eorrection made. / Winding stream; banks vegetated; no sand bars visible; bank correction made. ¢ Very yh 

eau’ ‘stream; many split channels; windi reat number of sand pare; range of ot of ee for large change in Q is 
y vege 


Vegetation on banks. Fairly straight divided by wood strips; 


deat 0 one point for each | stream indicated in Fig. 3, except the. Elkhorn aa 

Relationship Between V/V’ a 

andy’. —When a adequate 


are 


stage-discharge “relationship — = 
of a particular ‘Stream, the 


-eurve in n Fig. 3 may be used to ] 


— it is desired to “ae 


surveys and by 
Stage or ys Slope S = 5.00X 10-4; (2) 
the average cross section of 
channel i ina fairly long as of stage y, a8 indicated in Fig. 5; 
(3) the grain ‘size from the average ‘mechanical curve within the chosen 


draulic data are lacking for 


a 


7 


@eu07 | 


— = 
— 
— 
— 
River 
@ 
— 
— Missouri 15.2 | 28 | 1.69 | 5,200] 145,000 
sour 35.5 | 23 1.49 | 5,200] 145,000 1038/2130 | 
; Sioux....| Akron, Iowa’ ......| 29.5 | 1.89 550 8,550 132] 184 
Butte, Nebr......) 1.0 | 12.57 | 1,045) _ 1,045 
Ashland, Nebr.*....| 23.0 | 1 7.38 | 2,000) 78,000 
‘Balinas...... San Lucas, Calif.‘... 70 | 11.60 | 43,500 1380) 
Salinas......| Paso Robles, Calif.*.) 6.0 | 17.200 | 21} 6,000 
— 
— 
— 
&§ 
4 
— 
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CHANNEL ROUGHNESS 

n Rivers Sevecre> For STUDY woR 


Facror Ratio T/R (reer) Phe 
>, 


(Mannino’s| ™ 


| Maxi- Min- | Maxi-| Min- | Maxi-| Mini- _Maxi- 
imum| mum jimum} mum jimum] mum | mum-| mum 


(14) | (15) 18) (17) (20) | (21) | 


0.00073} 0.00201} 0.000820) 0.000590 
0.00070} 0.00280} 0.000722) 0.000525, 
0.00102) 0.00102) 0.001100) 0.000918 
0.00052) 0.00218) 0.000852) 0.000657 
0.00105} 0.00263} 0.001510} 0.001050 
0.00151} 0.00151} 0.000820} 0.000602 
0.00040) 0.00171} 0.001900} 0.001050 
0.00049 0.00320} 0.002200) 0.001300; 0. 
0.00034} 0.00170} 0.025000} 0.003300) 15. 
0. 0.00080} 0.00480} 0.006100} 0.002300 


sy reach; channel flow divided at places; numerous large sand bars. ¢ Considerable winding of channel ; split flow; 
ae prevalent. _ © Winding stream ; banks vegetated ; sand bars visible; probably slack water areas in channel ; bank 
4 shallow stream ; sinuous; great number of sand bars; split channels; vegetation negligible. 4 Very shallow, wide 

small. * Fairly straight channel; bed and banks all sand. i Fairly straight channel; bed sand and gravel; 


“curve at which 357% 1 is finer is Du= 0.401 0 mm. In feet, 
Das = 13.1 X we; (4) the bank friction is comparatively negligible, anh the 
e active channel (even though split by sand bars and possibly islands) is free of Be 


ee The computations are carried out in tabular form after first determining the - 


_ constants i in Eqs. 6 and 17. Fe For practical purposes Eq. 6i is more convenient t to me 
“use than Eqs. 7 or 9 because solutions are direct. Using the data given above 


for the problem strea stream, Eq. 6 ound 


; oe computations for three points on 5 the « desired rating curve are shown in 
Table The procedure i is: (a) Assume R’ such that Eggs. 18 will yield | velocity 
; a. values that r reasonably may be expected for the given stream; (b) determine V- : 
oa ’ andy’ from Eqs. 18 and 19; (c) with the known value of ’ read off the value wey 


v/v", from the curve Te 3; (d) ) then calculate v", and R”; (e) Ris now 


iii 
— 
TA 3 
— 
(22) | (23) | (24) | (25) | (26) 
4.53 | 11.13 | 0.014) 0.045 191| 229 1.12] 
(9.88 | 9.83 | 0.024] 0.024 “as 1.12 
52 | 6.62 | 0.016} 0.034 go it 
a 13.40 | 0.033/0.042] 14] 36 1.63 | 
0.69 | 3.18} 0.016 0.065 | 644 
\ 
= 
— 
— 
— 
| 
— 
— 
...18) 
— 
— 
— 
— 
curve, provided that all flow is confined to the 


_ 


overbank flow must be made. In the last column of Table 2, Manning’s o—~ | ; 
values, as computed, are shown as a matter of interest. ‘These, of course, are 
r- not required for determination of the relationship between Q and y by the 


TABLE 2*.—Tyricat Computations DETERMINE RELATIONSHIP 


i. 


(2a) | (26) 


system. 


ae method ‘described. — The obvious advantage of this method i is that ory results 


_ The cooperation of the Omaha ‘District of the > Corps of Engineers, U United 


} - States Department of the Army, i in permitting the use of river data taken from 


eens of the assistance rendered by B. T. Mitchell, J. A. Constant, J. M 
-Forns, J. M . ASCE, and all other Omaha District personnel who helped wail 


its files is gratefully acknowledged. The writers also wish to express their 7 


= 


— 
a 
1,000 | 2.83 | 440 | 133 | 0.213 381 | 67 |1.010| 2860 | 0020 + 
1.587 | 4.49 | 2.20 | 20.4 | 0.220 5.00 | 8.1 | 1,380] 6,200 | 0.022 
8.00 | 2.080 | 5.89 | 1.47 | 27.5 | 0.214 5.85 | 9.0 |1,640| 9630 | 0018 
| 
— 
— 
— 
— 
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BLENCH, xtension of ‘Dr. Einstein’ s methods? ‘to 


ay 
following. phenomena, that seem to | well 


the reasons | for the writer’ 8 sbelief: ; 9: gai 


laboratory flume experiments! with a bed of natural regime-type 
river sand, constant discharge, and various bed-sand injection rates, observa- ae 
tions after steady dose" depths had been attained showed that: =~ 


was “greatly by changes of injection within the 


Vas 


ani Bed-w ave full amplitude was as on the order of one-fifth water depth; og 


After a moderate displacement from regime, a 30-ft flume, carrying 


= Bed- -wave conformation changes markedly during attainment of 


and bed waves have greatly enhanced amplitude when ) degradation i is occurring. ~ 


In large regime-type river" daily sonic “observ ations of bed waves 

during a month including a high flood showed that: .- 


Bed-wave ve length i is s closely, related to dischar, 


i b. Bed- -wave full amplitude is up to 40% water depth at high discharge. ae 

(ae Mean size of bed material in a reach between diversions is very closely — ~ 
"correlated with estimated formative depth. (Samples were taken daily on ay 
+ * “3 various verticals i in which sh formative depth ¢ did not v vary appreciably with t time. ) 
; _ d. Discharge division between two branches is found to agree reasonably 


with the regime theory slope formula in terms of bed-sediment size. _ ees : 


gets 


is Ps In the same river it was found that distribution of sand sizes within 


bed samples follow a simple universallaw. = | 
4, In river models generally’* it has been | found that successful models have 


width’ and depth scales related in consonance with regime theory derived from m 


the study of self-formed, sediment-bearing canals of controlled discharges. _ 


4 


form; (b) rugosity dependent on _bed- load discharge intensity, 


Associate Prof. of Civ. Eng., Univ. of Alberta, Edmonton, Alta, Canada, 
fegime Theory for Self-Formed Sediment-Bearing Channels,” by Thomas Blench, Transactions, — be 
_ ASCE, Vol. 117, 1952, p. 383, May, 1951. 


12 “Hydraulics of Sediment-Bearing Canals and Rivers,” by Thomas Blench, Evans Industries Ltd go 


u periments for Fraser River Model,” National Research 'Council of Canada, 1950-1951, Fraser 
River Model Office, Univ. of British Columbia, Vancouver, B. C., Canada (unpublished). Wate bed 


__14“Final Report on Special Observation at Ladner Reach during 1950 Freshet, by E. E. 8. ‘Pretious and 
Blench, National Research Council of Canada, 1951. 


18 “Scales for Moving-Bed River Models,” by Thomas Dock ont Authority, 
> ak 


an In terms of the preceding facts the following phenomena might be expected 
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pattern; @ ‘at some average explicable in meander 

¥ ene ee theory for steady discharge; (e) Eq. 6, which pertains to noncorrugated -_ 

boundaries, will be inapplicable except after severe distortion of its ‘ ‘constant’ ; 


Ph and (f) for the conditions at which regime theory applies, only one > parameter 
should be needed to define the bed-sediment size. 


#< Therefore, the p points i in Fig. 3 should be expected to scatter ‘about a ities 
line representing regime conditions. _ The coordinates are nondimensional 


_ numbers containing the principal pertinent variables with the exception of a 
i load discharge intensity. The line cannot be expected to have a simple a 


equation since it has to correct for the misuse of Eq. 6; the two values of D- 

as are chosen in an arbitrary manner; and the use of any kind of D-term seennene i 
we ably hi hides the settlement velocity that does not follow a simple law it in the “ a 


re 


ae Fig. 3 is of considerable value to the writer. It shows that, by choosing ; 3 


river sites and analyzing data ‘scientifically, a regime-type relation i is 
bt ‘demonstrated, just as such relations were shown by the much simpler data of | se 
controlled canals. Considering the scatter of points in canal analyses when a 
regime theory | was being established, the scatter on Fig. 3 is quite sn small. — But, 3 
_ if instead of using the points of Fig. 3 to establish the existence o of a regime oz 
"relation, the smoothing curve is used to indicate where the point for a given a 
at - stage ¢ of a given 1 river is likely to be, then the scatter is very bad; for example, 
where the curve indicates a value of V 


of 10 the correct answer appears — 
xv 3 to be anywhere between about 8 and 14 depending on a host of circumstances © D 


w 


writer emphasizes that his criticism is of an application; he holds “ 
* ag Dr. Einstein’s basic work, from which the present paper springs, i in the wail 


J. Donanp,* M. ASCE, and Ven Te Crow,” A. M. ASCE.— 
ny In applying the Manning formula to a natural stream, engineers as well as” 2s 
engineering students often i ignore two facts: wolio} 
gee Lt natural streams the flow is s rarely uniform, because o 


f the effect of the 
z ‘guia change in discharge due to the varying shape and size of the channel 


section and the unavoidable irregularities i in channel alinement; ‘a 


ts 2. In natural streams sms the roughness - value n is not constant, varying ng with — a 


_ the discharge and the depth of water in the channel. This can be best illus-— 
oY trated by a typical case, such as is shown in Fig. 6, indicating how | the roughness 


ae 


+ 


varies with the depth of water in the channel and with the corresponding varia- 
ion in discharge. The n-value is high at high stages because of rough an 


rassy banks and increases rapidly near the bottom where debris has accumu 
Engineers and students usually learn the Manning formula from college Py 


hydraulics, in which the theoretical cases are treated (for which cases the formula = 


Prof., Hydr. Eng., Univ. of Illinois, Urbana, Ill. 
u Prof. of Cis Civ. Univ. linois, Urbana, Tl. 
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CHANNEL | ROUGHNESS 


A in 8 s designed only for uniform flow and a diitinaibiads nis generally assigned), 


_ indiseri minately to natural streams in the same way as to theoretical or artificial 
a _ channels. — ‘The condition of uniform flow and constant ‘roughness i is uncon - 


 sciously assumed without apparent reason. a writers are glad that the paper 


a 


| 


i Distance From Initial Point Near Left Bank, in Feet 

Dischar, , in Cubic Feet per 


oints out t that i in the h draulic com utations for roughness i in RE pe 

y 


an cl the a assumption of uniform flow n may be made with negligible error. In practical % oF 
: Be problems the variation of n with Q is so evident that there is a need to develop a f: e 
new and more rational procedure for estimating the varying roughness 


ty. may be simplified with practical advantages so that the most familiar form of ”: 
the Manning formula i is still retained i in use ones that several terms to 


‘practicing engineers are eliminated. 

Relationship Between 


the definition of and ve 


and Rs for Given Values oj —TIn the paper 


6 


and 8 from the a 

es 
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—, 


(23 


i Now, by assuming various values of R' /R, Eqs. 23 and 24 <n give the rela- 

and and between an 

vis shown by the curve in Fig. 3 the relaw 

and can be obtained For 


0.60, then, from E Eqs. 23 and 24, (x 

_¥. 


= = 5. 60. Then, from Fig. 3, oar = ll 5. The corre. 
sponding of nd R ‘The ‘writers: have com- 


"puted a number of pairs of the values of the item ( -) 


af} smal 
and for various 


values of /R. The are in the form of curves as shown i in 7. 


4 1.486 , 

pagans V = 7.66 V’; 

in which L 


of ydraulic Computation —B 


y means of the curves in Fi ig. 7 and 
Boa 26 the practical seins for r computing the rating curve may be e performed 


,8, Ky and D R, ( end 
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DOLAND AND ) CHOW ON CHANNEL ‘ROUGHNESS 


; fro 


— 


the « discharge by the Manning 


TABLE 3.- —T yer PICAL ONS FO 


ida 


14.50 0.524 . 0.0229 | 1,380 5,850 


0.448 0.0178 | 1,649 A 


9,630 * 
mple for illustration, the procedure i is: (1) Par me 3 


X 10, and D= 13.1 X 10; then 
R= 381 (2) from Fig. 26; 
(3) by Eq. 26, n= 0.0286; ‘ail in using the Manning formula, Q= 


eu ft per sec. ‘complete cor computation is shown in Table 3. The corre- ] 
a ae sponding points involved in step 2 are indicated by dots in Fig. 7. a . 
ie i is clear that the idea presented i in this paper i is developed into a procedure — 
is practicable and workable. However, the “accuracy of the procedure 


id 


de pence on many factors. The two most important ones are: = 


Satisfaction with the Use of K, to Describe the Grain Roughness. —Ac- 

x 
described by a number of parameters. In engineering works, 


greater than the third order (skewness) ; are usually insignificant, and hence 


7 


rarely employed. However, on the other hand, a single parameter is too in- a 


4.—Ranoe OF ATION IN| Compcration 


alu ai Freer PER SECOND a 


00 «8.25 

2.00 

00 | 10.00 

definite to » desoribe « a distribution. It seems that the distribution of grain size a 


A, ‘is so irregular that it cannot be described completely by any single value . 7 


__ representative diameter unless the pattern of distribution i is of Ke: same type 


— — 
— 
— is 
— 
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and y’ from actual measurements for a number of rivers. This 
ship i is represented by a smooth curve fitted to the observed data. However, 


it. appears that the plotted observed points scatter within a band of certain 


SELES 


o wo 


aon 


ne 


wow 


ge, in Thousands of Cubic Feet per 


Dischar 


43 


wid width rather than along & narrow determinable path that could t be well repre- ea 
i a sented by a aline. Itis interesting to see what the effect of this scatter is on the - se 
- eomputed roughness factor n. Table 4 gives a computation in which the ex- 
4 treme values taken from the band of 1 the plotted points in Fig. 3 are used. 
_ The e range of variation in n amounts to as high as 72.4%. The resulting rating ae 
RosBert B. Banks," J. M. ASCE.—With rare 
- problem of h draulic roughness has been concerned with the develo ment of Po 4 
y g Pp 
4 empirical expressions for determining fluid resistance. ‘However, in the 
fl iS 4 in which one type of roughness may be considered to be superimposed over 
another type, empirical formulas expressing friction loss of the 


either do not exist, iti in authors’ problem, or the in- 


* tortuous river with considerable vegetation 


coefficient of 0. 04. ration approach proposed. by the 


of the mechanics of fluid flow more precise statements 


uracy of the Theory upon Which the Curve of Fig. 3 Is 
| 
| — 
— 
| 
q 
— 
— 
— 


x, 


3 


¥ 


dicting river channe riction | osses can be solved. 


niall that other types of hydraulic problems also may be solved by utilizing the iz 

Fx ie concept given by the authors. . For example, | it is possible to calculate the 
- Chezy coefficient for a p: particular flow for the case in which small sills are ial = 
tached, widely separated, to a flow boundary. In this case, one assumes that ¥ x 
ie the total resistance to the flow is equal to the sum of the resistances exerted — - 

by the sills, and by the boundary area between the sills. Consequently, x 
expressions are available which give the resistance exerted by each type of 4 

: < roughness, the total resistance can be obtained | directly, , and from the latter 
a 0% oS. One might consider the authors’ parameter, y’,asa a ratio of weight to shear. 
oh a Multiplying the numerator and the denominator of Eq. 17 by g, itisseenthat _ 
es the former becomes the submerged weight of a layer Dss i in : height, and that the — 
latter becomes the grain shear. - Suppose that a flow is increased; then the es F 
a rate of bed load transport increases and, accordingly, vy decreases. For py’ a 
is to decrease, the denominator of Eq. 17 must increase, which is compatible a 8 

ae rt _ It is to be hoped that river measurements taken by others in the future can = 

ay” Sena a be calculated i in terms of t the ordinates of Fig. 3 and included with the authors’ e “ 
ae data. _ Meanwhile, by. employing the curve which the authors r regard a as tenta- ; 


_ tive and by utilizing their concept of resolution of shears, the problem of pre- o 


: gion. L. Basorunas” —Available “open-channel flow” formulas do not permit 

A. accurate computation of discharges for varying stages. There are two ways a . 
a oe - adjusting such formulas to produce accurate results. One is to adjust the 


a section. Since no rules have existed for ‘making : such adjustments, the pr pro 3 
The writer concurs with the authors (discussion p Eqs. 18) that,for 
practical purposes, the Manning-Strickler equation (Eq. 6) i is more convenient 


to use than Eq. 7 or Eq. 9, because solutions are direct. However, ifitis 
if desired to use Eq. 6 in a practical application, the data used to develop the 3 
(as the in ‘Fig. 3) should t be use of Eq. 6 and not 


‘The writer suggests the > following procedure to the necessary 
4 - lationships for the Manning equation: Assume ‘that the Manning roughness — 


“Fluid of Composite Roughness,” by H. Binsin and R B. Banks, 
Am. Geophysical Union, August, 1950, pp. 603-6 
0*Linearity of Friction in Open Channel by R. B. dissertation presented to the 
“4 Univ. of California, at Berkeley, if., in 1951, in Partial fulfilment of the for the 


degree of Doctor of Philosophy. 


Ho Engr., Garrison (N. Dak.) Dist., Corps of Engrs., U. S. Dept. of the Army. — 


Garon 


problem of river channel roughness thus permits the engineer to calculate the 4g 
Manning coefficient for this kind of “composite” roughness. = 
er: a writer, in conjunction with Mr. Einstein, conducted an experimental 4 ea 4 
investigation concerned with the resistance exerted by a boundary composed 
— 
a 
4 e 
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ON CHANNEL 


4 


isa roughness factor on bed grain ‘diameter and 


‘Toughness factor depending on channel bed d irregularities. 


which is identical with Eq. 6. The expression for n given in Eq. 4 is properly “ae 


4 bi expression for n’, the grain roughness, and the roughness factor ni in Eq. 3 may a i 
be replaced by Kus ,/29.3 only if R is replaced by R’. it follows from Eqs. - 
By reasoning similar to that the in the 
preceding Eq. 17, n’”’ is assumed to be a function of the sediment transport y’. ~— 
+ determine t the relationship between n” and y’ the data from actual river 


were rene on which Fig. 3 is based sup- 


~ plemented by those for the Missouri Sivan, near Williston, N. Dak. The see 
% _ following line of computations was used: n! from Eq. 28, n from Eq. 3, with “Th 


and from flow measurements, n’” from Eq. 27, R’ from Eq. and 


— 
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tor is composed of tw — 
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used in constructing Fig. 3, and K. Pratt, M. ASCE (Chief 


= various discharges, on the other hand, would make the work very laborious. eae 


in Fg. 9, with n’ "ast the ordinate and as the 
"abscissa, indicating the increase of sediment transport from left to right in the 


game manner as that proposed by Carl B. Brown,” M. ASCE. In Fig. 9 the a 
roughness factor that Teflects: the channel irregularities decreases with in- 
Oe The procedure for a practical application could be the following: : Compute 3 et: 
- cee from Eq. 28; assume R’; determine 1/y’ from Eq. 17; read off n”’ from Fig. 9; x 
and calculate n from Eq. 27, R from Eq. 30, and Vv from: Eq. 3. For repeated 
aah is advisable to draw a curve with n as ordinate and R as abscissa. are 
_ Acknowledgment.—The co-operation of Mr. Einstein in providing the flow 


= 


Ineuis® M. —The physical approach to the subject 


ee ag channel roughness and its relationship to sand transport is sound as long as aS 


4 the authors restrict it to two-dimensional flow; but it is an over simplification to 4 ] 


= + Bx assume that all energy losses except those due to grain roughness were caused 
by shear force ‘resulting from irregularities of the periphery. In a laboratory 
ve investigation of energy losses in one-way (river) and two-way (estuary) flow, 
= at the Hydraulics Research Station of the Department of Scientific an and In . 
ie dustrial Research at Wallingford, Berkshire, England, the energy losses have : 
F been divided into three categories: (1) Those due to textural roughness; (2) — 
_ those due to ripple roughness ; and (3) those caused by form drag resulting from 


F ae “the major irregularities of the banks, bed, islands, s and sandbanks—all of which — 


justifiably group these losses with irregularities of f the bed due to sand ripples, 3 ao | 


Beers and sand dunes because, whereas the bed pattern ‘and bed movements = 
adjust themselves fairly rapidly as the discharge varies, this does not occur in 


the case of major irregularities such as promontories, outcrops, or gradually q 


iy: changing banks, islands, and sandbanks, which have an entirely different time — 

_ seale from that of bed pattern adjustment by the movement of sand grains. a a. 
< ate Next, as regards the size of grains exposed on the bed—the writer cannot 
ris % agree that the size remains constant and that the 35:65 percentage distribution oe. 
a. _ of material remains the same at all discharges. In India, the writer found ma- 
oe terial in suspension, material exposed on the bed, and also bed levels to vary 

considerably with ‘different discharges. To samples of bed material at 


also appears that the authors have assumed not merely same drop 

uniform slope for all discharges. Actually, however (as the themselves 
ea state), the curvature of flow and, hence, the distance the water travels, de-— 

= as the discharge i increases. — In other words, the slope i increases ; and i in a 


“Engineering Hydraulics,” edited by H. Rouse, John Willey & Sons, Inc., New York, N. Y., 1950, 

Director, Research Station, of Beientific Industrial ‘Berkshire, 
ngland : 
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‘Rath Rather than a rational approach, the writer considers that linking the ne 


on ith a ‘grain § size which is assumed to be unaffected by cesgam WF advanced 


The next question concerns the degree of accuracy E. Crump 


(senior hydraulic engineer on on the writer’s staff) has analyzed the data. Be 
ginning ¥ with the first item ¢ of Table 1 (Missouri River, Pierre, 8. Dak.), he 
The labor involved in 


A «> 


TABLE 5: —ANALysis OF Data. (PrerRE, S. Dax.; 


Com- Mea- 
puted, | sured, 
Qe 


obtaining these results was so y great that Mr. Crump adopted a simpler method — 


‘ 


the standard line in Fig. 3 which the authors recommend for solving specific oe 
problems. Disregarding results fe for the Salinas R River at Paso R Robles, Calif., the 
~ scatter of results has a standard deviation of + 20% (very approximately) ft 


the ordinate ¢” = V/V’ = VgSR" for a given value of the abscissa 
_ (1.68 
of Fig. L 


assumed, the velocity V is determined from Eq. 9; and for the knows value of © 
ys = constant + R’, the corresponding value of R” = — aa 
reading the value of ¢" from the curve. of Fig. 3. Rg the value 
x z = 0.694 Rg. The effect of this range of error on R = R’ + ‘Re 
vi 


iously depends on the ratio of R” to or R’. 

oa Following this method Mr. Crump found that the average value of R’ 
5.80 for low discharges, 2.00 for intermediate discharges, and 0.66 for high 
discharges ; and, accepting the average values of typical, he 
found that the effect onR = + 4 
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sented average performance of the seve 
‘a 
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ndard deviations o on 1 values of Ri is ates by the 


“tive dischar will from Fig. 10 which indicates the relationship 


0.694 10.062 1.480 | 0.739 = 

0. | 1.375 0.796 
0. 604 .028 1.223 0.877 


In the value that ae E denotes values given by the standard curve, Fig. 3, and subscripts 0.8 
1.2 denote ae that are a 20% less than, and aoe greater than, those giv en in Fig. 3. : 


and R for three values of 08, 1.0, and 1.2, 
sy meatal. _ The curves are drawn for the case of medium flow, for which the | 

oie tro. of | such points as C, B, and A have a constant ratio of 1.375:1.000 3 
796. Being based on a common value of t the component all such points” 4 


x 


oe Table 6. The effect of these sta a 
= 
— 
= i 
pars 10.—Averace Between V ann R ror Autnors’ DaTA P 
ce e gla to know the ratio of the ordinates of points D, B, and E which lie on the same 7 “ae 
ce. Bes ae vertical and therefore have the same value of R, y (gage reading) and A (sec- 4 . 
tional area) so that the ratio of the discharges Qp: Qs:Qristhesameastheratio 
— 
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of the index m in the assumed relationship Va Fortunately, 
Ss ann 1 the authors have given two values of V and R# in seven of the nine sites ae 
taken into consideration. we 


\R:) 


"Similarly, if ‘the ratio of the factors, 


", the ane of tl the index n is given by: n= 


: 


7— —ComPuraTion OF AND FROM Data 


7 the authors’ results, Table 7, these computations establish the 
thet 


—requires that 


= 


= CtoB (Fig. 10) the abscissa R is reduced in 1.375: 
/ = that the ordinate V is reduced in the ratio (1. 375)'- Al; :1—that i is, in the ratio sae 
ol 0. ).639. . This is is also the ratio of the | discharges, Qos 3:Q1.0, the percentage © ’ 
error in discharge being — 36. 1%. Similarly in moving from point A to 
Be E, point D along the upper curve, the ordinate V is increased in the ratio (0. 796)! + “5 
+1—that is, in the ratio 1: 1. 381; so that Qu 2/Q1.0 0 giving an error 


ter 


— 
— 
| 328 | 5.50 | 1.64 | 0.015 | 0.026 | 2.698 | 3.352] 1.736 | 1.218 | 0.556 
| 4-53 6.12 | 1.11 | 0.014 | 0.045 | 2.460 | 5.510] 3.216 | 1895 | 1208 
7.67 | 1.32 | 0.016 | 0.034 | 4.355 | 5.810] 2.126 | 1.160 0.512 
13.40 | 3.64 | 3.46 | 1.14 | 0.033 | 0.042 | 3.680 | 3.034] 1.273 | 0.852 
x | 554] 168 | 9.14 | 164 | 0.014 | 0.034 | 3.208 | 5.575] 2-434 | 1.440 | 0.740 
| | 818] 069 | 6.67 0:61 | 0.016 | 0.065 | 4.610 | 10.940] 4060 | 1.566 }0918 
459 | 2.27 | 7.72 0.84 0.019 | 0.076 | 3.616 | 9.190] 4.000 | 1.724] 1.079 ny 
a 
— 
V a it is now possible to find the ratio of the 
so the ratio of relative discharges) of the three 
a 
| 
— 
| 
| 


In the analysis, ‘Mr. Crump has that the errors a 
from following the authors’ method are far in excess of the + 10% error to which | 


8 experienced river engineers in India were able to work in assessing the dis- 
aM, charges of selected short, straight reaches, and the olain (see sentence preced-— 


TABLE ERRORS IN Couroren \ OF 
4 


\Roa error in Q Riz ‘error in | 


Qio 


1 7 giz 


th the ironing do not von upon individual judgment f for selection of the appro- 
3 priate n value”—is shown to be e unjustified ; because the errors due to the _ 
authors’ assumptions far exceed the errors to be anticipated in assessing the 
4 
appropriate value for n in a selected reach. 43 
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TAL INVESTIGATION OF FIRE 


MONITORS AND NOZZLES. 


Jowe,* M. ASCE, 

Were Discussion BY. Messrs. G. HALBRONN; PIERRE Ocury, ‘Marcen 

Mamin, AND FRANGOIS BaatTarD; JoHN H. ARNoLD; AND HuNTER 


_ Since the inefficiency of fire streams is in directly attributable to the initial 
2 turbulence of the free jet, attention was given at the Iowa Institute of Hydraulic © * : 
Research to the design of a fixed monitor, a portable monitor, and a nozzle that pee 
= will reduce the turbulence of the flow to a practicable minimum. The under- — 
x _ lying principles upon which the designs were ba based are discussed in this paper, 
4 Lo the test facilities are described, the efficiencies of existing and improved units 


as are compared, and design details and performance curves are sen for the 


In 1888 John R. Freeman published a prize-winning paper on fire streams e 
-_ that is still the most widely accepted treatise on this subject, despite great 


= advances i in nearly every other phase of hydraulics. Lack of further progress — ; 
in this p particular field has been due in p part to the excellence of Mr. Freeman’. ‘= 


experiments and in part to apparent—but fallacious— -—corollaries of ey, 


The most frequently quoted of Mr. Freeman’s results are his coefficients = : 
nozzle discharge, determined with a precision that would be acceptable even 
under present-day standards. For well-faired nozzles yielding a negligible © se 
a - contraction of the free jet, he found the coefficient C in the customary discharge Be 
equation to be within less than 2% of unity. _ Repeated efforts during the inter- 
-vening years to improve flow conditions by the boundary curvature, 


ry Nore.—Published in October, 1951, as Proceedings-Separate No. 92. Positions and titles given are 
those in effect when the paper or discussion was received for publication, SABLE 
1 Director, Iowa Inst. of Hydr. Research, State Univ. of Iowa, Iowa City, Iowa. 4 
Head, Dept. of Mechanics and Hydr., State Univ. of Iowa, Iowa City, Iowa. aid 3h 
a : Ve Associate Prof., Dept. of Mechanics and Hydr.; Research Engr., Iowa Inst. of Hydr. Research, State a rg 
4“Experiments Relating to Hydraulics of Fire Streams,” by John R. Freeman, Peuntion ASCE, 
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LES 


one lengthening the taper, or polishing the inner surface have resulted in no signif- 


= Unfortunately, two related (and equally false) “presumptions have | been 


the outgrowth of this situation. First, the most efficient nozzle is ny 


considered to be that for which the discharge coefficient is nearest unity— 
ae despite the facts that a contracting jet is known to yield a somewhat a 
4 a4 efficiency, even though the coefficient C is then well below unity, and ie 
expanding jet yields a considerably lower efficiency, even though the value of 
_ @ may then be greater than unity. Second, since nozzles that are now con 
3 sidered the | best have coefficients close to unity, their high efficiency as conduit — = 


ey = outlets is taken as an indication of an equally high efficiency : as fire-stream p pro- 
=a _ ducers—despite the fact that both good and bad jets are known to result co 

.. stream from any standard nozzle i is, needless to say, a etonieniins poor 


"counterpart of the ideal jet that its parabolic trajectory upon the 


4 drag of the air upon the water that has left the nozzle. Indeed, it was as not . 
ae until 1943, when it was discovered that lengthening the barrel of a fire-boat 
‘monitor increased the carry of the stream some that attention was” 
finally focused upon the true source of fire-stream inefficiency: The | turbulence mee 
i Since the investment of the United States Coast Guard for fire-fighting 
equipment during ‘World War II involved a very considerable sum, it 
+. decided before the end of hostilities to invest as well in a study of possible. : 
p< tara in monitor and nozzle design. The Iowa Institute of Hydraulic 4 
Research (hereinafter called “the Institute”) was commissioned in 1944, as one f 
phase of its contract with the Navy Bureau of Ships, to conduct an extensive 
series of investigations of both fixed and portable monitors and nozzles, cul-— 
_ in complete performance characteristics of the sqoepengngind designs. 


—* 


= between theory s and practice are attributed almost entirely to the unavoidable 
4 


Wat 


ance, reference must be made to the following elementary principles of ring 


the development of which i is to be found in most textbooks. The simple 


states that the rate of flow Q, equal to the product of the cross-sectional a: area - 
of a conduit and the mean velocity V at that section, must be the same at all 
ive sections. The equally simple equation of of energy (known as the 4 


that the total head at one section is to the ‘total head Hs 


next section plus the intervening losses Hz. The total head H at any 


Mechanics of by Hunter Rouse, John ‘Wiley & Sons, Inc. 
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oe the height to which water will rise in an open manometer column eos a 
connected to the tip opening of a Pitot tube, the piezometric head h the height x 
column connected to the side opening of a Pitot tube toa piezometer 
the pipe wall), and the velocity head g the difference between these 
two. ~The piezometric head is sum of pressure 
in owen p is satiate pressure intensity uiabes to that of the a atmosphere (as read i 
pe ona Bourdon gage at the level z of the point in question) and y is the unit weight 
= of the water. The datum above which z is measured is arbitrary but must be 
the same for all sections. Likewise the same consistent units of measure (such ae f 
= feet, seconds, and pounds) must be used to express all quantities —_ 
‘The loss in head Hz, between any two neighboring sections may invariably x 
be. expressed i in terms of a coefficient Cz, and a velocity head as follows: gah ora 


entirely upon n the of the intervening conduit that 
pa = the loss, and hence may be considered a constant for a given conduit | 
i form, such as a fixed contraction ratio or fixed proportions of an elbow, regards 
of the conduit dimensions. It follows at once that the loss Hz through 
; vee given type of fitting under a given discharge may be reduced by increasing the ~ wi 
size of the fitting and thereby reducing V?/2 g in accordance with Eq. 1 or 


4 


hat of the 


If the air is to no iet, ‘the Hy will, 


in which ¢ is the time of fall, will ill yield for the nossla inclination a wad the efflux 
V;, a parabolic trajectory having the maximum height 
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| In free jet the pressure intensity is the same as t 
(p = 0), 80 the Bernoulli equation becomes 
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sin 2a. (9) 


= upon far more than simply | the efflux velocity, the actual losses and hence — 


true form of the jet cannot be expressed i in any simple manner. 


et 
q@ Regions oF (© ZONE OF SEPARATION @) SPIRAL CURRENTS 


SHEAR ALONG UNSTREAMLINED BOUNDARY CHANGE at FORMED IN BEND 


Effects of Turbulence.—Fluid is generally defined as a hap- 
hazard secondary motion superposed on the mean translatory motion of a 


flowing fluid. It may thus be visualized as countless eddies of different 


f fof shapes, sizes, orientations, and rotational speeds that are carried along: with the | 
flow . The sources of such eddies (see Fig. 1) are of several types: (1) They — 
develop on a very small scale in regions of high shear along the walls of even 
conduits; (2) they are produced on a larger scale in of 
‘Separation at boundary changes that are not fully streamlined; and (3) ro 
cate. result from major spiral currents formed in any conduit transition, such as a a 


Ss bend, that i is not symmetrical about a linear axis. _ Practically all major losses at 


will exist in the flow just downstream. bite dt 


7 : of Cr for any portion of a conduit is a relative indication of the turbulence that 
lat Turbulence i in general i is looked upon as an unwanted evil because of the 4 


power accompanying the formation of turbulence within the monitor 
% nozzle is of small consequence compared with the subsequent loss that results 
ras _ from the presence of turbulence in the free jet. The latter is due to the fact 
oor that the ‘secondary n motion within each eddy of turbulent flow has transverse a 


i velocity components that, although usu: usually small in comparison with the mean i 


- velocity, are nonetheless of finite magnitude. Within a conduit such eddies — a 
are laterally confined, as is the flow itself, by t the conduit walls. At free jet is a ; 


not confined, however, except by the rather slight effect of surface tension. 
Therefore, any lateral motion of the fluid due to an eddy will continue i 


_ tically unabated past the original jet surface, with the result that only a short <a ee 
distance beyond the efflux section a turbulent jet will display a ‘multitude of A 


> 
Mechanics of Turbulent Flow,” by Boris A. Bakhmeteff, Primeston Princeton, 
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Since, as will be in Cz for a free jet depends 


* 


— 
q | — 
— 
— 
— 
— 
— 
— x le 
— 
— = 
— 
— 
3 
— — 
— 
— 
«4 
— 
— 
— 


FIRE MONITORS’ AND NOZZLES 


a These liquid protuberances, readily visible in n high speed ne 

Fig. 2), are not produced by the action of the air, for they would appear just as 5S 
ar readily i in a vacuum. 4 tn fact, the density of the air is so low (1/800 that of a 
4 water) that its effect u upon ‘a smooth jet would be quite small in n comparison to _ 

4 2 other factors. It is only after the surface of the jet has become sufficiently — 


i disrupted to produce an appreciable form resistance that the action of the air a 


begins. Such resistance is roughly proportional to the square of the water 
z velocity and to the cross-sectional area of the expanding jet. _ Thus, as ever 
— more eddies carry water laterally out of the central stream, they are rapidly — : oe: 
retarded in their longitudinal e course by the. surrounding air, but they continue 
to spread laterally at only slightly diminished speed. Although the outermost - a 
; fringes of the jet at once form droplets ae fall as a spray, the central portion ras 
appears simply to disintegrate i in midair. In other words, since the equal and 
_ opposite reaction to the retardation of the water is the acceleration of the sur- Bae 
rounding air, the originally intact but turbulent jet is transformed along its z ay 
-_ trajectory into an expanding mixture of dispersed water drops and air been 
travels at an ever-decreasing speed but brings an ever-increasing volume of air 


Turbulence of the water emerging from a fire nozzle is hence seen to 
three” distinct ‘detriments: to its efficiency as a a fire-fighting tool. ‘First the 
~ original formation of the turbulence i in monitor and nozzle represents a reduc- 
. tion in flow efficiency. _ Second, because of the lateral spread of the eddies oa 
the free jet, air ‘silanes vedaael both the ec concentration and the carry of the 
stream. Third, entrainment of the surrounding atmosphere by the diffusing 
produces a powerful flow of air directly toward the fire. 

v Tn 'mprovement of Fire | Streams.—From the foregoing discussion it can be as 
concluded that the only way to increase the efficiency of a fire stream is to ee 
the turbulence of the before it leaves” the: nozzle. Although a a 


2.—Hiau-Sreep PHorocraPH oF TURBULENT Jet, 1/20,000-Szeconp Exposure 
laminar (that is, nonturbulent) jet would be ideal, this is unfortunately 
ae out of the question for water jets having diameters and velocities of practical one 


o interest. _ Laminar flow seldom occurs at a Reynolds number greater than 2,000. 
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ae could not exceed a a velocity of } ft per sec } without becoming turbulent. Th “7 Bil 
fact remains, however, that the turbulence of a jet may be controlled to * | 


eae considerable degree. Since the control of turbulence has not been the specific J | 


of m designers in ‘Dest, it stands mn -Teason that the 


At he 


2} In. ‘Inside »Diemeter 

(a) STANDARD 3- ow STANDARD 6-INCH | (c) IOWA INSTITUTE OF 


"U.S. COAST GUARD 'U.S.COAST GUARD HYDRAULIC 
ineorporation of the principles of fluid mechanics in such design should a 

_ marked gain in fire-stream efficiency. Fad, od) 

Wind-tunnel’ and water-tunnel* requirements are closely allied with those 
of fire monitors and nozzles, for the flow at the test section of either type oe 2 
tunnel must be of high velocity and yet as free from turbulence as f possible. o° 
Nearly all such tunnels include: (a) Miter bends with curved vanes to guide the 3 : 
flow smoothly around every turn; a very gradual expansion into a large 


4 
ty approach section containing fine screens or honeycombs, i in which the flow is 


An finally allowed to “still” at low velocity; and (c) a well-formed nozzle, through _ 
which the fluid is accelerated continuously to the desired maximum speed. wt “al 
eT ae In a fire monitor the passages should be free from cross-sectional discon- 
___ tinuities and should be of maximum dimensions commensurate with practicable” = 
“ = over-all size—on the one hand to reduce the power nah and on the other hand 


ata to hold | the energy of 1 the turbulence to a minimum. The bends should a a 


have the sweeping curves of the familiar rams-horn style, for these introduce | 
ro secondary spiral currents (Fig. 1(d)) that persist far into the jet . Rather, | 
_ miter bends with vanes should be used at all turns beyond the monitor base. 
i Ih the ‘approach section or barrel, a series of fine screens would be desirable to 


_1“Experimental Methods—Wind Tunnels,”’ by A. Toussaint, published-in Ed. by 
F. Durand, Julius Springer, Berlin, Germany, ol. III, 1935, p. 252. 
| 8 “Cavitation and Pressure Distribution—Head Forms at Zero Angle of Yaw,” by. Hunter Rouse rod 
Fd John 8. McNowa, | Bulletin He. 82, State Univ. of lowa Studies in Engineering, lowa City, Iowa, 1947. — 
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became clogged wi with debris, and a ‘coarse honeycomb is the wm stilling device 
By. eth The exact form of the nozzle is not critical so long as it an not in itself. 
a. introduce turbulence. _ Standard nozzles are usually made with a 7? conver- 
i _ gence, although it is only in diverging sections that such small ‘angles : are 
— _ essential i in the control of turbulence and separation. In fact, the shorter the _ 
nozzle (that is is, larger the angle of the lower the degree of 
gone of partial stagnation at the bial (Fig. 1(6)) will shed adding of its own 
_ production. Hence the nozzle should not be either too short or too i 
Standard nozzles generally have cylindrical tips for final stability, frequently 
__ with abrupt angles between cone and cylinder (Fig. 1(c)) that again shed eddies Bes 
Bes and may conceivably result in cavitation (the formation of vapor pockets), 
Proper rounding i in this zone will eliminate the larger eddies, but the sina = 


nozzle should have no tip at all. A high polish of the inner 
; surface should not be necessary, provided 1 appreciable surface irregularities are : 
not particularly ne near the outlet. 


_ EXPERIMENTAL EQUIPMENT AND PROCEDURE 

a Monitors and Nozeles. —Supplied by the Coast Guard as a basis for 


parison were standard 3-in. 6- in. Sil monitors (Fig. 3), and 


Wall 


ezometer_ 


3, 


hee the United States Navy a standard portable monitor (Fig. 4), esak: with = " 
a series of standard nozzles. The 3-in. monitor, originally proposed for i 
: "provement, had a 24-in. barrel with radial vanes, and could be directed ool 


through 36 360° and and 70° ve 


| break remaining large-scale eddies into small ones that rapidly decay; however, oo ag 
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fact, a jet emerging from a conical outlet will contract and become parallel 
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type with polished inner surfaces, abrupt boundary angles, 
inwardly protruding gaskets, and ranged from 14 to 2} in. in outlet diameter. 
Sabah i The 6-in. monitor shown in Fig. 3(b) had a 30-in. vaned barrel, and could be 
directed worm driv es through 360° horizontally and 120° vertically. The 
nozzles were quite similar to those of the smaller unit, , and ranged from lfin. 


z Bur mae to 3 in. in outlet diameter. The portable monitor shown in Fig. 4(a) had three 


Si hose inlets with check valves and al 15- ‘in. barrel. It was designed for lashing in sa 
> position but could be swiveled manually through 360°. horizontally and 90° 
i Pe vertically. Nozzles ranged from 1} in. to 2 in. in outlet diameter and differed 
from the others primarily i in greater length of cylinder. 
Only one fixed monitor -and one portable monitor (also shown in Figs. 3 and q q 
ae ac. 4) were built by the Institute as recommended forms. Other forms and sizes ae, 
Be: were not investigated, since significant variation in design i is not permitted by me 
a the results to be accomplished and since essentially the same design may be 
es - adapted to different monitor sizes by the principle of geometric similarity. — a 
ie 4 As indicated previously, the essential design criterion was the reduction of eddy = 
am rE losses and secondary currents to a practicable minimum in order to attain flow - 
ae in the barrel with as low a degree of turbulence as possible . The flow passages 
ree 2 were, therefore, enlarged and straightened, and the sweeping curves of = 


usual rams-horn were replaced with vaned miter bends. the purpose 


EXPERIMENTAL FREE- CONTRACTION NOZZLES PRODUCING JET AT VENA CONTRACTA 


Cubical 


we EXPERIMENTAL NOZZLES 


4 Monitor > 


th 


STANDARD U. S. Const | GUARD NOZZLES (d) U.S. NAVY PORTABLE MONITOR NOZZLE 
= 


a the project was the improvement < of the flow characteristics ious no heed — 

( _ was given either to external construction or to ‘mechanization, and standard 
was used with welded, flanged, or Victaulic placed where 
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In to the nozzle design, “systematic 
series of contraction 1 profiles, varying from a plate orifice to a long non both 


~ all ¢ cases, however, not only | was the inner surface carefully machined, but a 

"smooth, gasket-free, metal-to-metal joint was obtained between barrel and — 

= or nozzle parts. Supplementary nozzle forms included several with — = 
¥. ‘roughened surfaces and other internal obstructions, as well as one with a profile” 


pen of two cubical curves that electrical-analogy measurements had — 
shown to yield : a continuous prensure drop from base to tip. Each nozzle of — 


(maximum stream diameter of 3 i in. and maximum base pressure of 200 Ib per ae 
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rae 


Ja) 


False Wall sit vil 


were housed i ina temporary shelter at the south | end of the 
= ” and 80 arranged that they ‘could either be connected in parallel to a 
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— 
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finally recommended was repeated in diameters of 1}, 2, 2 , and 3 in. for the #8 
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through standard 4-in. suction hoses f below. Allpumps 
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discharged into a common 12-in. pressure line remap: both to the 10-ft chann 


_Unless each of the centrifugal pumps in a parallel system o of this a 
oa er he ‘operates : at such a speed as to yield the same change in head, one or more of | 
4 SS 


Sampler Tubes 


and to a platform on the outside of the shelter. 


» 
‘the pumps will be stalled by 1 the others, with complete disruption of operation 
resulting. Therefore, it was necessary to. have an individual operator ‘for every 
4 two units in use. A 15-in. Bourdon gage ‘mounted on the pressure manifold — 
- Was under ‘constant observation by a supervisor, who was responsible io 3 
a Maintaining the pressure within in +1 lb lb per sq ‘in. of the desired value during 
Pressure-Discharge Calibrations.—Secondary lines of fire hoses connected 
bs parallel to a 6-in. pipe permitted each of the five monitors to be mounted above — 
‘the two 18,000-Ib scale tanks of the Institute laboratory for accu accurate determina- _ 
7 4 tion of discharge coefficients. Since many of the nozzles tested produced con- — 4 | 
el = ae tracted jets, the outlets were repeatedly machined until all jet diameters were 
a ec i! "i within 4% of 14 in. 1. Jet profiles i in the outlet vicinity were measured with a a 
be: a point gage that could be moved about 3 in. longitudinally and radially in any ; 
axial plane. A similar mounting permitted velocity traverses of the contracted 
; jets to be made with a Pitot tube formed of a 0. 05-in. hypodermic nee | 
nected toa large Bourdon gage. 
Wall piezometers were installed in each of the five monitors at key points 
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‘the s same pressure in pipe ‘at the monitor base was main- __ 


running under the Insti- 11.0 


tute laboratory (Fig. 6). The 
g ends of the channel were bulk- 
, and screens were in- of Ideal 
stalled along the sides, thus pro- 
ducing simultaneously a 
and storage basin for a 3-ft depth =| 
clear water and an unob- 
structed test space 100 ft long, Bae 
10 ft-wide, and 14fthigh. The 9.0 
a south end of the gallery, contain- 
‘* a ing the lower end of the discharge 
manifold from the pumps, was 
_ only partially screened, and the 
_ north end was fully vented to to 
both the 16-ft channel on the one 
side and the 4- by-9- ft walkway 
on the other. Although 
confined space could not be con- 
_ sidered to simulate conditions i - 
the open except as a first 
4 proximation, it nevertheless per- 


mitted operation of each monitor 4 


3 and nozzle under con- | 


Observations of the jets could 


by ‘means of high-speed ‘phot 


4 mitting exposures “of 1/20, 000 FRoM a 30° Nozze 


and jet thickness could be determined byt means a special 


- from the nossle could be measured through use of a point sampler. c. 
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| | | 
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Since the the basis for many performance 

ratings, it is described here in further detail. A small sampling car, with a .. 
cabin barely large enough for two observers, ‘could be moved on the rails ei 

_ either side of the channel tq any section of the gallery. Mounted on the front q 


of this car (see Fig. 7) was a vertical wedge-shaped beam that could be moved | FE ; 


_ through 1 ft vertically and 4 ft either side of the centerline. From the leading — a 
: , edge of this beam projected a series of nine 3-in, sampling tubes, 12 in. on center, Ee 
: that were connected by rubber tubing to a battery of downspouts w within the =f 4 
= cabin. Below these | spouts was a series of graduated cylinders so framed that 


they could be abruptly alined with the downspouts, abruptly disalined, and 2a 


hee at to section after section until a representative traverse (see Fig. 8) of the 
jet had been made. 4 In of maxi maximum concentration it was found 


a 


4 


ti tilted. 


aris tis 


‘lined insert and to reduce the distance between samples both horizontally and — 
vertically. _ A typical run at the common distance of 90 ft from the point of of 
efflux involved some 900 individual measurements. t 
Target Tests—The test gallery had a maximum length that was far less than 
“ 5 od ‘the throw of most of the streams, so further comparisons of performance were Fi 
made in the open, 1, along the west bank of the adjoining river, through use ofa 
ee target mounted 200 ft Side the monitorstand. The target (Fig. 9) had an open- _ 
ing 10 ft by 10 ft in vertical section, and the rate of flow entering the opening +a 
tg bas was determined by means of a suitably baffled V-notch weir directly behind _ 
ies and shielded by the target. Owing to the pronounced effect of wind upon the _ 
ie streams, tests could be made only on relatively calm days. — Each stream was 
so directed that the 1 ‘maximum quantity entered the target, the same base 
‘pressure of 150 Ib per 8 sq in. and the same jet diameter of 1} in. being used inall 


cases. Since ‘slight were almost immediately Teflected in ‘the 
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the results were. analyzed statistically to eliminate obviously y erroneous values. 
Trajectory Tests.— 


r final performance tests, , however, since at high pressures the spray from the ‘ 
streams interfered with traffic on the bridge 350 ft from the test stand. More- 


10. or Testine Ag 


Foal ‘The of observation finally adopted the se of a urveyo 
transit, on the telescope of which a nonmagnifying sight with cross wires and 


a . large field of view had been mounted. The monitors were directed di onally 
southeast across: the river (see Fig. 10), and the absolute trajectories were 


of the transit and predetermined base-line characteristics. Measurements were 
ie carried as far along each trajectory as the stream retained a readily visible core. 
he. va very long period was required to complete these observations, because of the 


Rg 


= that satisfactory - measurements could be made only under calm or nearly 


calm conditions. These conditions prevailed, unfortunately, only about 1% 


_ “Characteristics of High-Velocity Jets," by Joseph W. Howe and 
‘Third Hydraulics Conference; Bulletin No. 31, Mate niv. of Towa Studi lowa City, 
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Relative Performance of Nozzles—Gallery tests son each of the nosso 
a shown in Fig. 5 resulted in contour plots o of f discharge concentration similar >. xs 
those of Fig. 8 By integration of the successive contour areas, each of these 
ee plots was reduced to a single characteristic curve of percentage of total nozzle — By 
ay discharge against cross-sectional area. A typical family of such curves, cor- 
Ra responding to the nozzle forms at the > top of Fig. 5, can be seen in Fig. 11. ‘The ee 


2 logarithmic abscissa scale is used to permit convenient study of each portion > 
the field. If the jet from the nozzle remained absolutely intact throughout — 

Se the 90-ft distance to the sampler, the resulting curve would have e the form 
PY ie indicated by the broken line labeled “ntact jet” in ‘Fig. 11. . The extent to 


oe ag that the jet has actually undergone. 2 Unless a considerable amount of the spray 


E: ea from the jet has fallen into the reservoir before | reaching the sampler, the ‘curve ae 
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f Nozzle Dischar 
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of the curve is otherwise of little interest, since the jet at this point is dispersed 
over such a large 2 area that a great quantity of air travels with the water at 
fairly high “speed. The initial portion of the curve, on the other hand, is of 4 
a great significance, a as it is a measure of the relative jet concentration at the axis, 
With regard to the several | curves § shown i in Fig. 11, it will be seen that the deg : 
poorest performance (the lowest curve) corresponds. to the 90° orifice nate. 
That this is due to disruption of the jet by eddies formed in the stagnation zone ay 
at the base of of the plate i is shown a by y the improvement i in performance resulting — é 4 
from rounding the plate i in this zone. Decreasing the : angle of convergence . oi 
_ likewise seen to improve the performance, largely because of the corresponding 
reduction in eddy formation in the steadily diminishing Stagnation zone. 
Eventually, however, this effect is not o nly minimized, but at the same ~g 
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jae 
idary begins i in turn to augment ‘the ‘surface RS 


a ond similar family of curves for the 7° nossles the relative 


ee 


in Square Feet 


since omission of the cylinder shortened the zone of boundary contact with the aa 
Md ; high-velocity flow. _ Velocity traverses just beyond the efflux section revealed a Es ay 
- significant reduction in the thickness of the boundary layer from one case to = re Lag 
the next. Moreover, jets emerging from nozzles without tips invariably va 
; tended to: appear crystal clear i in comparison with the 2 whiteness of dete 


from ‘cylindrical tips with abrupt discontinuities. Pag 


< 


types of eddy formation leading to jet diffusion. Vanes and baffles in the 
ie approach barrel simulated the effects of upstream bends or obstructions, ee 
dy in disruption of the stream. Boundary i irregularities com- 


accretions: caused to a 


— © 
— 
the increased length of 
___bulence, so that optimur 
between cone and cylinder was very nearly comparable in = 
| he 90° plate with fillet. Careful rounding ' ee = 
he elimination of the eddies (and possibly 
or bubbles) that are formed at such a discontinuity. The 
, tration was produced by the cone without any cylindrical tip sr — y. 
— — 
_ 
— 
— 
— — 


produ v4 
ay ‘a that Se to protect the central stream to some extent from the aidan 
air but rapidly fell below the mean trajectory. It is noteworthy that minute 7 
er nicks at the very tip of a nozzle yielded perceptible furrows in the jet which _ 
gradually expanded into’ "regions of appreciable dispersion. Althou gh 
eo nozzles constructed by the Institute were all given a sharp 90° edge at the ere 
of the contraction, it was subsequently found that a very short (}- to yg-in.) _ 


tip could be used for contraction angles as low as 26. 5° without 


14 -FEET FROM "NOZZLE | 


(d)12-FEET. FROM NOZZLE 


16. 13. Puoroonarns oF 1j-In. Fra 14, Puoroanaras or 14-I 
3-In. Coast Guarp Monitor From Inettrure Fixep Monrror 
aff 


ecting the free jet. Not only is such an outlet easier to fabricate, but it 

rves to ‘protect the critical portion from damage. 

The foregoing analysis of comparative tests on the  nossles themselves leads” 
‘to the conclusion that, aside from the absence of boundary discontinuities, the | 
best form of nozzle is one that results in a minimum length « of contact between 

wall and fluid and yet produces a minimum eddy effect from the stagnation — 
_ zone at the base. _ Although these factors tend in opposite directions, there i 1s a 
- considerable intermediate range of form that satisfies the requirements to an 


degree. The form chosen by the Institute was the 30° profile 
well-rounded base and free contraction, ‘shown i in Od, 
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a larger flow passages and in part to the reduced losses through the vaned ned 


a bends, the flow efficiency of the Institute monitor with the recommended nozzle aes: 
was appreciably higher than that of the 6-in. Coast Guard monitor (with nti 

4 rounded rather than a standard nozzle) and considerably higher than that ~ ee 

_ the 3-in. Coast Guard monitor with a standard nozzle. If the rate of discharge _ : 
4 i _ is expressed in terms of the base pressure head h, in the supply main and the 


0.982 


ord the Institute monitor will discharge about more water 


the power of the Institute monitor is 5% below thatof 
q the 6-in. Coast Guard and 15% below that of the 3-in. one at the same edischarge. ya) 
| a Gallery tests for jet concentration produced by the three monitors with 
F. ame jets operating at the same base pressure of 100 lb per 8q in. resulted i in the 
- three curves plotted i in Fig. 72. _ The performance of the 3-i “in. standard monitor 


- Canes’ seem much superior to the ao Coast Guard monitor, it should be 


"greater than that for the larger ande some 14 times as great as ‘that for the smaller = 


one. High-speed photographs of the jets from the 3-in. Coast Guard and the 
ourse (Figs. 13 and 14) show © 


at a Institute monitors over the first 14 ft of their c 
the comparative degrees of turbulence producing the 


_ Essentially the same relative performance was indicated by the target tests 
over a 200-ft range with 1}-in. jets at a base pressure of 150 lb per sq in. a The — 
: Bin, Coast Guard monitor fell short of this throw by some 15 ft and hence was 
q omitted from further study. The Institute monitor showed an improvement of 
26% over the 6-in. Coast Guard monitor, based on the proportion of discharged DOR ate 
water striking the target, ‘and an improvement of 32% based on the total 
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rge coemcient CU, ior the three monitors with 19-11 
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‘ey same base pressure. Similarly, if 
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_ Final comparisons involved the measured trajectories of streams from the q 5 
a three monitors with the same jet diameter of 1} in., for base pressures 2s of 50 a 
150 Ib per sq in., and at 30° and 50° inclinations The results are shown in 
—— 15, together with the ideal trajectories for the discharge of the Institute _ 
monitor: under the four conditions. Institute monitor obviously leaves 
_ much to be desired when compared with the ideal. On the other hand, its 
Soe 8 throw i is some 20% better than that of the larger Coast Guard monitor and — 
7 40% better than that of the smaller. The relative | performance i is essentially 7 
a _ Although the portable Navy monitor was comparable i in size and weight ‘ 4 
the 3-in. Coast Guard unit, it was generally superior in performance. As a 
f = result, the improvement obtained with the portable model constructed by the = 3 q 
Institute was considerably less than that with the fixed model. The he discharge 
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“At ina same pressure, Institue monitor will thus discharge about6% 
more water than the Navy monitor (u (under the same conditions, the Navy 4 4 
: eee will deliver 2% less than the small Coast Guard unit). The loos a 


7 Sones, at the same the Navy require 217% 
more power than the Institute monitor (it will, on the other hand, require 7% 
- more than the small Coast Guard unit). Gallery measurements, the results of 
_ which are plotted in Fig. 16, showed the Institute portable to produce an 
appreciably lower rate of jet dispersion, with a peak concentration about 23 
times that of the Navy portable monitor (which was, in turn, - 4 times that of 
the small Coast Guard monitor). In the target tests, the Institute seatable. 
oi monitor showed improvements of 12% and 17% in proportion of discharged 
water and in total amount of water caught, respectively. Records of trajectory 
< - tests, reproduced in Fig. 17, indicate that the throw of the Institute model is 
A _ about 15% greater than that of the Navy portable (the latter being some 10% © 4 
ee greater than that of the e small Coast Guard monitor). . The performance of — 
both portable units was essentially independent of the number supply 
“Mention should be made at this point of tests on honeycombs conducted © 
with the larger Institute monitor. Since the passages of this monitor were 
o. all of the same diameter, the same honeycombs could be placed in either the 4 
= or the base riser. ng Two geometrically similar -honeycombs, 4 in. and 6 in. 
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their length Be joining ng the onmeniteee sets in the familiar ‘ ‘egg- -crate” fashion. 
vr i equare passages of one unit were } in. wide and those of the other were ? in. 
wide. Anti-swirl devices of this nature can be expected to Teduce the scale 
ts (eddy size) « of the turbulence only to a a degree | commensurate with the size of 
a _ the passages. As in the case of the turning vanes, finer openings than those 
aie investigated were considered impracticable, since even the slightest fouling of _ 
uy. thee coarse units with debris produced a marked effect upon the jet dispersion. ; 


ae a result, essentially the same jet characteristics were obtained either with 


ee _ or without a honeycomb in a barrel of the length shown in Fig. 3. Although 4 
eae __ shortening the barrel to half this length made a honeycomb necessary, doubling 5 
oe the length produced no noticeable change whether or not a honeycomb was 
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P z would ensure. — That a relatively poor f flow, on the contrary, would be consid- =i 


’ erably improved by even such a coarse heneyeowb wi was graphically demon- 
_ strated by reversing the Institute monitor—that i is, by connecting the barrel | 


a eomb. a short distance upstream from the nozzle the jet became 

_ fairly acceptable. Although nearly all measurements described herein were _ 
pare made with one or the other honeycomb i in the barrel, the subsequent studies — 
described showed this to be nor with 
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mounted at ating another stilling ‘chamber pressure 
tank ft in diameter and 6 ft long—in the hope of further reducing the 
is. common in hydraulics, the from the 
a rock deinuilioin’s over the full cross section of the tank ont held in slant by wire 
43 e, mesh, thus leaving an additional 4 ft of unobstructed passage before the 
rounded entrance to ) the nozzle. The result was disappointingly poor, the jet 
ei, being comparable to that from the small Coast Guard monitor. Later tests 
made by the Institute on the characteristics of flow through screens!” pointed = 
clearly to the source of the trouble: Unless the ratio of open to closed area is. re = 
greater than unity, a baffle may do more harm than good. The crushed rock, ae = 
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_ While the concentration and throw of a fire stream still can be vastly 
galt it appears from | the foregoing tests that this could be accom} plished an 
only at the expense of such other practical requirements of the monitor as ie 
- lightness and maneuverability. — if the approach Passage were of the same ; 
relative diameter, length, and gradual taper as that of a stationary wind « a 2% 
water tunnel, the turbulence (and hence the rate of jet dispersion) could prob- ‘ 
ably be reduced to. a small percentage of that of the Institute monitors; such a 


system would, of course, be both prohibitively heavy and very difficult = 


_ 


of Flow Through Sereens,” Ww. D. Baines E. G. Peterson, Transactions, 
AS.MLE,, Vol. 73, July, 1951, p. 467. 
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Possible to make the turning vanes as small and numerous as in a wind tunnel S 48 

and to include a series of fine stilling screens of low solidity ratio, an arrange- — | 

7 re of this nature would be practicable only with very clean water. ‘vie view a a a 

ma of these circumstances , the two monitors developed by the Institute were “a a 

assumed to embody the optimum improvement possible without undue change 
in size or difficulty of manufacture. Hence, these units were used as the basis 4 

Performance Tests of Recommended Monitors. s.—Since three independent 

diameter, base pressure, and inclination—were involved in the 

final tests of the Institute monitors, the effect of any one variable upon the 


: could be studied only if the other two were at the same time — a 


4 


‘constant. ‘The series of tests, therefore, involved “measurement ¢ of the ‘stream 


+ ees a at baSe pressures of 50, 100, 150, and 200 lb per sq in. and at 4 
angles of 20°, 30°, 40°, and 50° for all nozzles. The latter included jet. diameters 
a 1}, 2 23, and 3 in. for the fixed monitor and 13, 12 , and 2 in. for the portale 
—— 
To facilitate comparison, two different systems of plotting were followed. 
The first iperposed curves 
. pressures at constant inclination, successive plots of this nature ‘semen 4 
to the different inclinations. The second represents a similar series of super- ; 
posed curves for different nozzles and inclinations | at constant pressure, 
cessive plots corresponding to the different pressures. . Since neither system 
par contains information not readily available from the other, only the constant- 
ae __ pressure plots are presented (see Figs. 18 and 19). a each instance the ideal 
trajectories for the corresponding discharges are shown. 
ef Aside from the general value of these performance diagrams, careful in- : 
Spection wi indicate th the following significant facts: First, the effect of jet 
diameter | upon the departure from the ideal trajectory is geil small for wa 


a 


‘size of the. jet and ite ratio to that of the monitor, it should be possible to utilize = 
these curves with good approximation for monitor and nozzle dimensions a or 1 
‘Feasonable fraction larger or smaller than those investigated. Second, since 
the degree of jet disruption at a given pressure depends primarily upon distance 
sa — the horizontal length of throw of the actual jets tends to reach a 
ee avs maximum sooner and then to decrease more rapidly with increasing angle 3 
of inclination than does the ideal trajectory. — _ Except fo for the lowest pressure, — 
’ . 3 maximum horizontal throw i is seen from Fig. 20 to occur at about 30° rather 
a eae than at the ideal 45°. Finally, whereas the coordinates of the ideal trajectory 
fe increase with the square 0 of the « efflux velocity (that i is, with the first power of the | 
base pressure), the dependence of the turbulence upon the mean velocity tends 
to make the angle of diffusion independent of the velocity. _ However, the lat- 
still controls the intensity of droplet ‘dispersion by 1 the air. Asu Tesult, 
- continued increase in the pressure does not produce a comparable increase in 
length of throw but eventually even leads to an appreciable reduction. The 


mn _ of ae 20 indicates that a point of diminishing returns is reached ~ 
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"pressures than those investigated should be little use. 


Investigations made by the Institute have indicated that the eonsiderab e - ‘a 
difference that exists between the ‘actual and the ideal trajectories of fire 
a a ‘streams is due pheno to the turbulent eddies present in the flow as it leaves ae a 


could still form capillary waves whose variable resistance would 
lead to disruption of the stream asa whole. A turbulent jet, on the contrary, “a ¢ 
would spread rapidly even in ‘avacuum. Only after the eddies break the jet ec 
as does the resistance of the air become pronounced, the velocity of the ee 


| 


200 — — 
Maximum Horizontal Range, in Feet + 


a improved through reduetion of turbulenes is governed almost entirely by | 
practical considerations. ‘Since the long approach passage, large 
ah, section, and the fine turning vanes and screens of low-turbulence wind and water . it ; 
_ tunnels cannot be reproduced well in a fire monitor, considerable turbulence _ 
must still be expected under even the best conditions. Nevertheless, the fore- 


The form of nozzle recommended by the ‘Tnatitute on the basis of these 

_ studies has a well-rounded base, se, a relatively ‘rapid convergence, ‘and an uncon- 8 ae 

_ fined zone of jet contraction. Although a 30° angle between wali and ae r 
- line was chosen as the most desirable, this angle i is not the exitical factor i in 


* of eddy formation at the base that would exist in very short nozzles _ the 


pressure no though this point my be 
A 
= 
Le | 
| 
| 
leS INGICALe LAL 1US INLEMSILY lay De reduced vO all appreciable aegree 
iim 


a excess surface resistance and formation of fine-scale turbulence in very long 
= ie nozzles; and (c) the region of separation and possible cavitation at an abrupt 

os Vi juncture between the usual nozzle cone and cylinder. Of comparable im- | 


- portance but of somewhat different category is the elimination of a gasket that a g 
could (and frequently does) project into the flow at the nozzle base. 

ee Table 1 shows schematically | the general details of the recommended nozzle 
_ profile. The diameter of the barrel is taken as the reference dimension, and 
all other dimensions are given as ratios thereto. — Although the relative ct 

could conceivably be made either greater or smaller without undue 

a a change i in performance, the range shown is judged to cover practical require- “3 

a ments. The table gives the relative diameter of outlet that will produce | fully ‘g 


TABLE OF RECOMMENDED Fire Nozzue 
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Coefficient of 


| discharge Ce 


 Live-Rubber er O-ring 


or 
0.250 
0.300 
0.350 4 
0.400 ‘ 
Nan 
0.450 
0.500 | 0.557 


ae jets of the relative diameters indicated, and other sizes may readily 


be obtained through interpolation. indicated are the coefficients of 
nozzle discharge based u upon the equation at 

: = in which a is the area of the nozzle outlet and h, is the piezometric head in 
the barrel approximately a diameter upstream from the nozzle, 


‘Two alternative locations of the nozzle joint are shown in the figure—one 


, at the base and one along the contraction cone. That at the base is preferable 4 
_ ee so far as the flow is concerned, but the resulting nozzles would be heavier and 
— ‘more costly. That along the cone will require greater precision of fabrication, 


ing _ but the nozzles would be far lighter and less expensive. In either instance the © . 


as Spee nozzle seats tightly against the barrel without a gasket between the surfaces; 
oe ae if a gasket is needed for an absolute seal, it should have the form of an external - : 


O-ring as shown. fire nozzles are usually turned pains-— 
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could be formed of plastic from a single, mole die and mold 
the latter circumstances, the base joint would be preferable and quite feasible, _ 
and the nozzles could be considered expendable if and as the tips became Ps 
damaged. ‘The latter tendency should be minimized by the very short tip 
cylinder shown i in the drawing; this is merely for protection cnt eau 
since the stream Springs completely free at the i inner edge. res 
The monitor itself is subject to three general (1) The 
vo should be as long and large in cross section as possible; (2) the cross-sectional 7 7 
ia area should either be constant or increase very gradually in the direction of oat 
flow; and (8) section changes should be well rounded, and direction changes x 
“should contain guide vanes. Each of these the 


ied at the time 2 of their design to meet these requirements to a ee 
satisfactory degree, and comparison of their operation with that of the cor-— 


‘The general forms of these 
= as shown in Figs. 3 and 4 are recommended as the basis for future 
specifications. Their performance | characteristics as indicated by the several 
- coefficients and jet trajectories already presented may be expected to apply to 
extent that the essential features of the designs are followed. In this’ 
; fs” -Tegard the fact should be emphasized that it is the requirements listed i in the 4 
| preceding paragraph, rather than incidental dimensions, that determine the per- 
4 formance. Moreover, it should be possible to change the absolute size of either 
unit by perhaps 30% without serious variation in any of the characteristics. . ae 
Like the design of the horizontal and vertical joints, the method by w hich 2 
ne vaned units could be constructed in quantity is not within the scope of a eat 
this Paper. The welded construction utilized by the Institute x was not e ex- 
complicated units. The actual details of the vanes have been shown only oe Me 
a schematically, since their number and fineness are governed by structural as Ps a 
well as hydraulic considerations. That is, the smaller and more ‘numerous — a 
q - the vanes, the finer the scale of the eddies that they induce—but the eostlier Ps oe 
they are to fabricate and the greater their tendency to foul with debris. The ee 2 
number shown should be regarded as the minimum, the optimum being that 
oa commensurate with pr practicability. Although their arrangement is also some- 
oe what flexible (two methods of subdivision being shown), the spacing of their 
2 leading and trailing edges must be such as to maintain constant i 
5 pint between the areal subdivisions at the beginning and end of each flow deflection. 
Siig One feature of the fixed monitor designed by the Institute that is ce 4 
| to modification for several reasons is found in the initial Y-transition from the | 
base pipe to two passages of the same cross-sectional area. This not 
. adds to the height of the unit but also results} in an unguided deceleration of 
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¥ to the nozzle appears to minimize the effect of the eddies upon the jet, it 
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ae 


= total cross-sectional a: area ofthis ¥ by to that o of the anion ot unit) would im < 

| prove the performance to at least an appreciable degree and would at the 
_ game time reduce the ‘over-all height of the unit . A schematic indication of the 
<<: resulting monitor form i is shown in Fig. 21. The upper T containing the joints 
ie: for vertical sweep remains the same as before, | but the enlarged passage con- 
ee) _ taining the joint for horizontal sweep ends in a vaned T with two tapered a arms 

of noncircular section. _ These transitions tormitiate in vaned L’s with circular 


~ sections just prior to the original design. — ‘This improved design is obviot 
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Me more complex than that of the original recommendation, but casting should still 
oie ee be quite feasible. In this regard it is suggested that consideration be § given nto 
= the use of stainless steel rather than brass, the vaned portions of the monitor — ; 
i, being cast in symmetrical half sections that are ultimately welded “a7 


wit The project described was conducted under Contract NObs-24084 with the - a 

_ .Bureau of Ships, United States s Navy, and Contracts ‘N Tonr-495 and N8onr-500 4 


with the Office of Naval Research, “s The present | paper summarizes the more 
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ry this oak have howe filed with the Engineering Societies eee and the 


‘Library of Congress for reference purposes. 


Practically the entive, of the Institute participated i in the e investigation 

in one manner or another. Particular credit is due Messrs. Chesley J. Posey, 
_M. ASCE, who conducted many of the preliminary tests; E. M. Laursen, 
A M. ASCE, who detailed the test monitors; and Dale C. Harris, who super- 
vised the construction and operation of the experimental facilities. Lt. W. By * 


McConnell, of the Coast Guard, provided valuable assistance during his sum-' 


SAT 


‘nosed tb tof to maldgtg 


Sat 


i 


6 


— 
im 
ns — 
— 
1) 
yy 


Hasronn™ observation shows that jets emerging from 
- circular orifices into still air do not remain cylindrical and coherent but diverge 
Md and break up into drops. _ This phenomenon, _ which is of theoretical interest, 
7 = plays an important part in various technical problems, such as that of carbu- 
oe _ retor injection and that of the structure of Pelton nozzle or fire nozzle - 
x, The last two examples concern jets of comparable size and velocity and there- 
- a fore it is advantageous to compare them so that any ny improvements ¥ which ¢ are 
4g <8 likely to be made in one of these branches may be used to the benefit of the | 


oa _ Although the problem of jet diffusion has been thes subject of many investi- 4 
- gations, one cannot consider the problem as having been solved. The number a 
of intervening factors is great—design ai and size of the nozzle, nature of of the © 


fluid, and head at the c orifice. Py In addition, the factors which are likely to} gov ern a | 


— 


| 


4 sion, flow turbulence, and air ‘resistance . Moreover, research workers have 
always succeeded in the have a influence i in the 


ey orifices of 1.2-in. maximum diameter ‘and 3.3- 
a maximum velocity. J. Plateau" gave the first theoretical explanation, based — 
on his investigations on the stability of li uid cylinders, of the effects observed ~ 
d= by Mr. Savart, which he attributed to the action of surface tension. n. ‘This 
process of disintegration can thus be qualified as a capillary dissolution regime. I 
Mr. Plateau’s calculations were completed and made accurate 
first. by Rayleigh": “18 and then by C. Weber.* Roughly speaking, 
the length of a nondisintegrated jet in this case is to to its 3 
Lie and to the cube root of the orifice diameter. 
_ Some research workers, of which A. Haenlein'” was one, observed a new 


disintegration the velocity was increased. This consists i in the 


integrated length. to Mr. Haenlein, this phenomenon is caused by 
the effect of the surrounding air. From this hypothesis, Mr. Weber endeavored — : 
to interpret Mr. Haenlein’s experiments theoretically but without much succes 


‘eli Ingénieur des Ponts et Chaussées, Détaché au titre de la Recherche Scientifique auprés des 


2 “Mémoire sur la constitution des veines Hguides lancées Re des orifices circulaires en mince paroi,’ 
Be F. Savart, Annales de Chimie et de Physique, Paris, France, Vol. 53, 1833, p.337. j= or 


4 “Statique expérimentale et théorique des liquides soumis aux seules forces moléculaires,”’ — 
Plateau, Gauthier-Villars, Paris, France, 1873, p.326. jg 


“Instability of Jets,” by Lord Rayleigh, from “Scientific Papers,” Vol. I, 1899, 361-368. 


“On the Instability of a Cylinder of Viscous Liquid under o Cottey | Peres, " by Lord Rayleigh, 


“Zum Zerfall eines by Cc Weber, Zeitechrifi far Methenatth und 
Vol. II, No. 2, 1931, p.136. 


“Uber den Zerfall eines = "by Haenlein, Forschung auf dem Gebiete 
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. Littaye'* then undertook further of the omenon, 
a showed that with an a absolutely « ‘cireular, , thin-walled or orifice, having no no burrs © tah 
_ the upstream edge, the limits given by Mr. Haenlein are easily exceeded ie oS ee 
the capillary dissolution of the jet it is maintained. — Therefore, this 


5 capillary tube. However, Mr. Littaye was able to reproduce the phenomenon ae 
= only with the latter two orifices, and he attributed it to the process of trans- 


- formation of the parabolic distribution of the velocities in a cross section of 34 
; _ the tube into their uniform distribution in a cross section of the jet. — $50 wi 
» When the velocity continues to increase, the transverse oscillation decreases 
— even disappears. However, the surface of the jet then becomes irregular — 
_ on leaving the orifice and the drops formed are very much smaller than in the * 
a _ two former regimes. 9 This This latter regime, therefore can be be termed the “pulveri- a 
* zation regime.” The experimental criteria of the existence of the three different i by 
regimes were given by W. Ohnesorge™ in a nondimensional form. When these 
criteria are . extrapolated, it i is seen that industrial jets are practically always — 
a _ Hydraulic engineers today agree that pulverization i is by the 
turbulence of the jet. AB: mentioned by t the authors, tests performed in a 
3 vacuum chamber should therefore give rise in this regime, to jets having the 
~same structure as those in air; according t to present knowledge, however, 
experiments have never been published. . On tl the ‘contrary, in the course of 
tests conducted at the Neyrpic Laboratory, the vacuum chamber was filled 
With a fine mist, which indicated an even greater disintegration of the jet and _ 
a9 _ made observation impossible. This phenomenon is probably due to the —_ 
4 release of the air dissolved in the water as the jet enters the vacuum. . There- 
fore, the experiment should be made with a liquid from which dissolved gases 
é _ have been removed and would consequently be exceedingly difficult to perform. — 


However, there is a simpler way of making sure that air action cannot be e the 
oo initial cause of pulverization for, if this were the case, the phenomenon would 2 
reoccur in an identical manner with jets of the same diameter and ‘ts je oe 
regardless of the design of the nozzle. Now, the tests made by the authors © 
_ have shown that all the devices, which were known to reduce turbulence, also 
i a cause a reduction in the diffusion of the jet. This fact alone shows that, in 
this case, turbulence is without doubt the initial cause of jet diffusion. 
: we ea ‘The hypotheses made by the authors to explain the mechanism of et 


_ action of this turbulence can be compared to those which were made recently — 


free surface flow. It has been shown” that air entrainment cannot occur Meals 
_ “upstream from a critical point at which the boundary layer, generated by the ey 
ae - contact of the water and the face of the spillway apron, attains the same height ake 


France, to account for the occurgence of ‘‘white water’’ i in high velocity, 


a ‘Contribution & I’étude des jets liquides,’’ by G. Publication Scientifique et Technique du 
dat Aviation, Paris, Franc , 1942, 


—:'19"The Break- -up of Liquid Jets,” by A. C. Miabitination ar . Ri Proceedings, Physical ; 
Soe., January, 1947, Vol. 59, No. 331, p. 
Bild von Tropfen an Disen und der Zerfall flissiger 
‘pam 1 “Etude de la mise en régime des écoulements sur les ouvrages & forte pente-application at roblé 
de l’entrainement d’air,” by G. Hall Halbronn, Thése de |’ de France, 1951. 


| 
a 
a 
re x 
ie 
ty 
4 
— 
— 
ed 
— 


ON FIRE MONITORS AND 

as the turbulent action consequently begins to itself felt on 
a ‘he surface. At this point, a criterion for which the writer has endeavored _ 

‘to give an explicit expression must be found, such that transverse kinetic energy 

ge #8, a which the turbulence transmits to the surface droplets is sufficient to overcome 


c i, this is the case, the droplets detach themselves from the body of water and - 
a entrain air as they fall back in, giving the flow its characteristic aspect. eo | 
_.. These» views are identical with those given by the authors to explain the 
_ turbulent disintegration of jets and it should be possible, therefore, to apply — 
the same method of calculation. | Unfortunately, however, even with ‘the 
Be ‘simplest type of nozzle, it is still difficult to evaluate | the intensity of the | 
ei turbulent fluctuations at the nozzle outlet and a choice between the various *) 
ae possible hypotheses « can be made only after systematic experiments, — _ Never- 
ae theless, from the « qualitative p point of view, the effect of surface tension makes 
ce. it possible to explain the experimentally verified fact that jets can remain | 


clear and translucid (when not in ‘the pulverized state) when 


ie Reynolds number i in the nozzle exceeds 2 ,400, at which value turbulence a occurs Ss 
The calculation also makes questionable the veracity of the authors’ statement # 2 
(ander: the heading, “Discussion | of Test Results: Performance Tests of 


* &* * ® the dependence of the turbulence upon the mean velocity tends 
angle of diffusion independent of the velocity * 
‘This fact would doubtless be: correct. if the characteristics at. the 
; og outlet remained the same as within the body of the e nozzle, but the effect of — i 
“‘ a contraction (defined as the ratio between the pipe-line diameter and the outlet 
MY ee 4 diameter) is likely to change these characteristics and to invalidate the con- _ 
- elusion. The writer is inclined to believe that diffusion increases when t the as: 


e- of the jet increases, and it decreases, with a constant outlet cross s¢ sec 


Principles of Flow: ‘Approvement ‘of Fire Streams’ 

This contraction effect i is not shown by the experiments mentioned herein 

since jets flowing from the same pipe line through nozzles having” different 

outlet diameters (and, therefore, different degrees of contraction) all have a 

practically ythe same 1 range fe for the same initial | velocity. However, even though — “3 

| ‘Vabalenee accounts for the diffusion on ‘the jet in the first part of its trajectory % ‘3 

te, and the occurrence of the surface protuberances which are subject to the 


relative wind action of the air, this latter goes on to play a predominant oe 
_- part in the dispersion of the jet and in the shortening of its range. This fact 
is clearly shown in the experiments made by ee Merrington and 


a .G. Richardson,!* * in which it is seen that the diameter of the « drops s created % | 
does not depend on the absolute velocity of the jet but on its  realtive, velocity — . 


in relation to the ‘surrounding air. A thinner, and therefore n more contracted, a 


J jet would undergo air action through to its center more rapidly than would a 4 a 
thick jet, and it is possible that this effect may counterbalance the the 


the opposing stresses due, in particular, to surface tension and gravity. Ww hen 
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OGUEY, MAMIN, BAATARD ON FIRE MONITORS Nozzles 1179 i 
-former’s good initial performance. Some of the conclusions given here may 
therefore no longer be valid when use is made only of a short length of of the e jet, ; 
as is the case with Pelton nozzles. » i 
‘These remarks show the difficulty of the problem. The systematic study. 
=a a schematic case would be desirable but, in the ch complex, practical — Ya 
case, only tests which are similar to those described by the authors are likely ee 
te to show the constructive steps that should be taken to reduce the intensity — ae 
_of the turbulence, of which the occurrence is inevitable. — The systematic intro- a “ 
— duction of curved guide vanes is certainly very fi favorable. - The determination ~ 
of the nozzle’s optimum angle of convergence and the physical explanation of wee 
its existence are of great value. It is of interest to note that Pelton nozzle _ Fg 
> dadiiaine have also been led along different lines to adopt convergence angles B hs 
of approximately 30°. It would also be useful if the action of the guide vanes 2 F 
upstream from the orifice, considered by the authors as being unfavorable, — 


were studied in greater detail since they are always used i in Pelton ol 


ee P. Oguey”,:* even reached the conclusion that an increase in the number of | 
. ee vanes reduces the angle of diffusion of the jet. “ There is thus a contradiction 
for which an an ¢ explanation would be desirable. 


PreRRE- OcurEy,™ MaRcEL MamMIN,” AND Frangors Baatarp. Since 


Pad 1942 the writers have studied ‘catefully: all scientific publications concerning y 

hydraulics and this paper is the first to offer an explanation of jet dispersion CS 
that seems valid. In their research, the authors studied the means of augment-— 


ing the range of fire streams by improvement of nozzles an r 
have demonstrated for the first time in America that jet dispersion is due to ‘ fo 
turbulence caused by the structural details preceding the jet. 
zal The writers have undertaken a theoretical and experimental study of the - 
4 = high-speed water jet to clarify the hydraulic phenomenon of dispersion and, 
= particularly, to improve the performance of Pelton turbines. To this effect a me 


a feo of jet’ dispersion none from turbulence was established on the basis es 


tions. 
is a matter of fact, the calculation method permits a a 
rational study of the improvements that can be effected in jet-producing units, 
more: particularly in fire) monitors.?7»?8 This application to fire-stream 


had already been demonstrated distinctly i in 1944. 


2“Etude théorique et expérimentale de la dispersion du jet dans la turbine Pelton,’’ by P. 
5 and M. Mamin, Bulletin Technique dela Suisse Romande, Nos. 21 and 22, 1944, pp. 265, 277, and 281-291. re 


_ %“Etude théorique et expérimentale de la dispersion du jet dans la turbine Pelton,”” by P. Oguey, ya 
M. Manin, and F. Baatard, ibid., Nos. 4 and 5, 1951, pp. 37-47 and 53-64. 


Chef de travaux & l'Ecole polytechnique Université ie Lausanne, Lausanne, Switeerland. 


Chef de travaux & l’Ecole polytechnique de |’ Université de Lausanne, Lausanis, *witzerland. 
ira - %7“La dispersion du jet d'eau a grande vitesse: Part I, Etude thSorique et expérimentale de la 
ts dispersion sous l’effet de la turbulence,” by Pierre Oguey and Marcel Mamin, Publication No. 16, Poly- ee 
nic School of Lausanne University, Lausanne, Switzerland, 1944. (A theoretical and experimental ae “ us 
study of dispersion due to the phenomenon of turbulence including general equations, laws of { similitude, — es ite 


— _ %8“La dispersion du jet d’eau a nde vitesse: Part II, Nouvelle étude expérimentale,” by Pierre 
Oguey, Marcel Mamin, and Francois Baa. tard, Publication No. 17, Polytechnic School of Lausanne Uni 
versity, Lausanne, ‘Switzerland, 1951. (Anew expe imental study; t teensetmaticn of sr onl jets into dro 
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Structure of a Dispersed Jet; Hypotheses and Fundamental Equations. 
rein On leaving the nozzle, a jet undergoes—from its contracted section on—the | 
phenomenon n of ‘dispersion. Instead of keeping its cylindrical as the 


“central, convergent, homogeneous zone composed of water and (2) a divergent, a 3 3 
_ heterogeneous zone, surrounding the first, _ and consisting of a mixture of air | ty 


“4 and water. af It is this mixture (area 2) | which gives the jet its | dispersed. appear- 


e = and, ,at a certain distance from the outlet, makes it look like a steam jet. t 3 


can be demonstrated (and experimentally verified) that the 
tes the homo- 


oo line of the cylindrical jet, with which they formananglea, = ~~ a 


The basic hypotheses of the theory (as applied by the writers and the 
_ 1. The air resistance is negligible. 


a 2. The axial velocity V; of all the water particles i is s constant i in intensity and q 
; a direction and equal to velocity Vo in the contracted section. Velocity V; i is 2 
constant for a a horizontal jet. In a slanting jet, V; diminishes with the altitude. 


In this connection, it must be mentioned that the Bernoulli equation is valid 
w0% _s hen it is applied to each jet particle considered as a projectile. On the 


3. vt contrary, the equation is ‘not valid for | the jet considered a as & whole because 
the ‘equation of continuity is not applicable between two sections crossed bya 


mixture of air and water, the density of which is unknown. Pr 


Furthermore, , the writers mai maintain that at the ‘periphery of t the jet, a 


@aA centripetal action caused by atmospheric pressure and by a molecular * 
n which creates a surface tension 7’, and 
“2 _ (0) A centrifugal action from the inside, caused by the liquid turbulence — 
a; characterized by the “Reynolds number for the apparatus” R. If the centrif- — 
ugal forces are superior to the centripetal ones, the particle in question escapes — a 


won 


the jet surface at a radial speed VY; that is constant (it is constant, at 


e a, is of the jet dispersion, is indios 


in which d, is the diameter of the jet in n contracted section and p = y:g is the | 
_ Transformation of a Jet into Drops, ‘Without D Dispersion. —In Eq. 1 13, 3, if the 
uantity under the radical is negative o or equal to zero, it denotes that : surface — 


tension is prevalent a: and that no jet dispersion will oecur. pal ‘The stream will be . & 


without dispersion including dispersion of big jets, of 


— 
— 
— 
4 
as i J 
ing the jet, and 
— 
— 


“ff, 
to a process which is is entirelv visible* in 
Fig. 22. . The liquid cylinder (which ‘must submit to a surface tension) being 
‘aa unstable, forms dilated, periodical zones that are separated by a liquid cylitider =— oe 
with ® diminishing diameter. This cylinder can free itself from thedilated zones 
and, after yielding to its own molecular ' attraction, can | contract itself ‘into ¢ ax 
droplet which is much smaller than : adjacent drops. ‘Then the air sucks these 
x droplets out of the track of the large drops, which explains the vapor that ae 


be observed around big long- distance jets. Clouds were visible on | a le, y 


ELociTy, 15 METERS ‘PER — 


Fic. 22.—TRANSFORMATION OF A INTO Drops Wirnout 
(Camera Exposure asout 0.000001 sec) 


wee 
Dispersion Big Jet (Fire ‘Stream or Jet of Pelton Turbine) any 
pee where dispersion i is already strong, the jet surface is very irregular. ee 


, that the phenomenon of ‘dispersion is s caused by 


= 


the appearance of the curves the ‘writers to develop the 
general equation of this curve. 


The curves of Eq. 15 are presented i in Fig. 23 hi sdainatinie sections 0 


section ins the ratio Sa mis Onin the 


ted 
easy to determines the from the outlet where 


a 
| 
| 
~ | 
» 
the contrary phenomenon may occur if one of the two dilating zones has more 
a2 | . attracting power than the other. In this case, the small cylinder connects es 
le. (a) Jer Vx b) Jer Wrrnovt 
= 
oid 
= 
he | 
be 9"*La dispersion du jet d’eau & nde vitesse: Part II, Nouvelle étude expérimentale,” cre 
gay, Mamin, and Francois Pubiicaiton No. 17, Polytechnic School of Laverne Uni- 


MAMIN, AND BAATARD on MONITORS AND NOZZLES 
whatever its diameter (d,) and the generating net head 
ae a The process of dispersion is illustrated® by t the photographs i in Fig. 24. 
Bes On leaving the nozzle outlet, the jet first: shows | streaks, then protuberances va 
more and more, and gradually 

transform themselves into drops 
t+ and droplets on which the sur- 
ipo air may then have a 

ff m9 raking action. The action of 
the air begins only at a distance 


ire which i is equal to 70 or 80 times _ 


i \ é the jet diameter at the outlet; 

caused by air resistance (on 4 
| \ ial 


confirms the fundamental hy- 4a 

pothesis o of the theory. The ob- 


servations "reported by the au- 
thors fully confirm both the 
| processes of dispersion thus de- 
scribed, and the effect of air 
Tesistance, 
__ Conditions for the Similarity — 
ae Jets. —The authors have pre- 
sented true propositions for the 
similarity of apparatus. 


| 
4 
y to d trate that 
‘similar in all their parts will pro- 


_ dy which will have the same dis- 


0 
of Specie Weignts, condition that» their Reynolds 


BMA 
BERENS 


ADIUS TI08s — AT DIFFERENT or a Dis- 


dispersion du jet d’eau & grande vitesse: Part II, étude expérimentale,” by Pierre 


7 
j 
— 
— 
0.6 
— 
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Sixteen Merers (197 rr) 


e 


é 


= p/p being the kinématic | of viscosity and being the 


"viscosity. If His the net head (that is, the total al hydraulic generating energy of 


the jet), Eq. 17 can also be written 


a is characteristic of the dispersion. It is possible to demonstrate that tana 
le) d. ¥ H. Then next step is to try to reduce 
the value of tan a or calculated for any one nossie) to those which 
might be the same with a diameter doe under a A 


5 


are to the diameter and to the same head, 
- the values of tan a, can differ only as a result of the influence of construction _ 
differences (shape and measurements) in the tested nozzles. Eq. 19 permits 
an easy comparison of very different types of nozzles tested with any kind 24 


head or discharge and it enables one to see the influence of anette on 
ad dispersion—that is, on the quality of the jet. 
tis evident that dispersion is one of the factors that cause the lowering of — 
* ae jet performance, but it is not the only factor. The losses in head due > 2 
ae friction and eddies must also be considered. For instance, by placing ahoney- _ 
ea comb with numerous and very long walls into a nozzle, the turbulence, and 
be 
consequently the dispersion, are diminished, ‘while losses in head caused by 
2 increase. Therefore, it will be wise to measure the velocity in the E 
contracted sectign of the jet by means of a Pitot tube and to calculate the loss 
= energy in the unit before and after each modification in the construction. 
only will be ‘Possible to determine the that yield an 


ee: Pelton curbing’. could certainly confirm the comparisons made by the Iowa 
Institute of Hydraulic on 1 different types of fire ‘monitors. The 


re 


S 


may then be planned by using a 


Conetusions — —The general conclusions of the writers’ study, and their 


comments on the work reported by the authors may be summed | up as follows: a 


sd, The dispersion of a jet depends essentially on turbulence, the latter 

“being a function of of the head (total | hydraulic energy before the nozzle outlet) 
a and of the construction (dimensions and form) of the s structural details ore 


oe precede the outlet orifice. Air resistance has no ‘direct effect on dispersion — 4 


Mel 


proper. __ The effect of air resistance is felt only when the droplets, which have 


escaped from the jet, are ‘sufficiently to be braked by the air. 
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ARNOLD ON FIRE MONITORS AND NOZZLES 


2. ‘The sinlitude, o once of a 


a ee under such a head that the Reynolds numbers can be equated (Eq. 16). Ne he 


g _ Besides, a convenient criterion for the comparison of different units will be 


provided by introducing the specific values tan a, 


= ay a 3. The conclusions advanced by the authors afford an interesting means of 


7 


confirming that method of calculation. Besides’ it proves obviously the care 


4 with which they have made their experimental study of jets, their sagacity in a 

the of their observations, and the value of their work. 

by ‘Underwriters conducted a series of experiments c on the subject of this paper. 

‘ The results were reported to the International Association of Fire Chiefs, in 

1943, i in an unpublished paper by Clarence Goldsmith, _M. ASCE, entitled 

“The Effective Reach of Powerful Streams. ” The research described in the 

present paper isin accord with suggestions made by Mr. Goldsmith. Like the 

authors, Mr. Goldsmith concluded that there was a need for a redesign, and | 


in the waterway areas of the current types of ‘monitors. Under 


ve streams obtained with a ‘modified tip and a lengthened nozzle. In similar 


the heading, “Introduction,” ” the authors report an increase in the reach of _ 


Goldsmith found that the increase ranged from 2% to 30%, 
the latter being the maximum obtained on one test. 
Tn the test following Eq. 5, the authors state that C, ‘“* * * may be con- Ch pat 

sidered a constant for a given conduit form, ‘such as a fixed contraction ratio : 
or fixed proportions of an elbow, regardless of the conduit dimensions.” Pos- i | 

__ sibly, this conclusion was adopted because variations may not have much Be 4 

practical significance. The theories of fluid turbulence seem to apply logically, 
and it may be a fair assumption that liquid protuberances would appeur as 

g readily in a vacuum, although no practical methods of proving this assumption | 
seem feasible. It may well be ‘that th there is adequate proof of the introduction 

- of serious ‘secondary spiral currents in the sweeping curves of the bends” _ sa 
x conventional monitors. It is on this assumption that the entire new design, ies 

preliminary work by the National Board of Fire. 

ie difficulty was encountered in deciding at what point the stream ceased to be 
effective. The same general criteria were used as in the present paper. How- 
ever, varying : judgment and lack of clear visibility by day, « even with the use 
of a transit (as in the present work), gave unsatisfactory results and led to the 
development | of a system of night | observations with lights. 
writer believes that the authors’ ‘comparisons of results showing 
edventens for the proposed new types of monitors are not a true measure of the | at 
relative merits. — Ih each instance, the ) waterway areas | of the new types are ee: ye 
_ considerably larger than those in either of the old types which were used for zs me 
_ comparison. It would be valuable to know if there is any assurance that better — 
‘Tesults would be obtained from the new type if comparisons were made with Efi 


Monitors of the old design, but having equivalent waterway areas. 
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The paper r offers that may of value in current 
He practice on the subject, and it has made a start toward putting these theories _ 
into practice. However, it is felt that much further work and much | more 


4 accurate comparisons of the old and the new designs are needed before any 


practical superiority canbe proved. 


HunTER- M. “ASCE, J. W. Howe ASCE, anp D. 


the writers are greatly indebted for the considerable background, breadth, — 7 


and practical scrutiny which their discussions have given to the original in- ie 3 


vestigation. The international aspect of these contributions, moreover, 
supports the writers’ belief as to the general importance of the subject. It 


is not only heartening that their findings have been verified in other countries, 


stream efficiency shows a healthy interest in advancement and yet a -eoutions 


MetzieR®.—To Messrs. Halbronn, Oguey, Mamin, Baatard » and Arnold 4 


insistence upon full verification of their conclusions. 


Le _ Halbronn’ s excellent documentation of the topic more than com- © 
pensates for the meagerness of the writers’ bibliography. “His 
“of the mechanism of jet dispersion with “that of air entrainment by high- 
velocity flow in an open channel is extremely apt. Although there ‘are 
Ss differences due to the continuous generation of turbulence and + ole 
restoring force of gravity in the latter phenomenon, in both it is the a 
of the free surface by the turbulent filaments which is the basic factor. ee; “« 
ie writers’ statement (under the heading, “Discussion of Test Results: - 4 
Tests of Recommended Monitors’’) that “ * * * the dependence 
_ of the turbulence upon the mean velocity tends to make the angle of diffusion — 
independent of the velocity ee ” tacitly assumes constancy of the boundary — 
geometry. _As Mr. Halbronn correctly believes, an increase in the a 
a size of the approach section will decrease the angle of diffusion, , provided that 4 


the accompanying reduction in flow stability i is otherwise offset. i The writers - 


ee and jet form, but also the Reynolds and Weber numbers—and ‘the 2 


- Froude number as well, if characteristics of the relative trajectory are tobe 


alt Oguey_ and his colleagues have had the > courage to undertake | the first 


effects can be eliminated, their method of analysis i is without doubt a ned 
one for the immediate vicinity of the nozzle. U Unfortunately, it is still 
eo _ monitor itself which produces the major distarbaneee, and the essential com- “4 


these disturbances at best a difficult matter. 


Director, Iowa Inst. of Hydr. Research, State Univ. of Iowa, Iowa City, Towa. io 
‘ * Head, Dept. of Mechanics and Hydr., State Univ. of Iowa, Iowa City, Iowa. _ 


Associate Prof., Dept. of ond Research Engr., Towa Inet of Research, State 
Univ. of Iowa, Towa. 


than general. To the extent that “unpredictable upstream € 


i. ue, pactness of fire-monitor design makes the prediction as well as the elimination . 4 
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{ONITORS AND NOZZLES 1187 

‘The mechanism of droplet | formation without dispersion surely plays a 
, pe Ase role in’ small jets, but the writers do not believe that this is the 
z¢ phenomenon which gives rise to the fine mist surrounding the jets from certain 
— types of nozzles. The source of the mist seems to lie instead in the small- 

a - seale boundary-layer turbulence near the jet surface, for it was most prominent ‘ 
in streams from very long nozzles and from those which had a slight break in in ae 
oe 6 profile near the tip. Large droplets, on the contrary, appeared to result from 
turbulence of larger scale generated upstream from the nozzle. 

__ The writers are in wholehearted acco ord with the similarity criteria which 
Messrs Oguey, Mamin, and Baatard propose—except for their belief thatthe 
Froude and Weber numbers are fully as important as the Reynolds number. 

The performance o of Pelton nozzles and that of fire nozzles are, to be sure, — 

from somewhat different points: of view, but— —except for ‘range—the 
al factors involved in both are just the same. _ The writers strongly rec- 

res ommend that engineers interested in either aspect of the problem refer to the 
two wo papers*?: 8 cited in the discussion—not only for the authors’ extensive 
analysis, but also for the superb photographic evidence of dispersive 


394 


LS 


ary to the 
iters’ findings, however, Mr. Goldsmith concluded: that an increase in pres- 
sure will invariably increase the effective reach. _ Although the writers’ method — 
of observation may well have been less precise than that of Mr. Goldsmith, o “ 
_— they do not believe that either i inaccuracy of f measurement o or the admittedly a 
arbitrary definition of effective reach could account for the distinct and sys 
tematic reversal of the curves shown in Fig. 20. 
Arnold’s question as to the constancy of Cy necessarily the 
Batt: hydraulics of all closed conduits rather than that of fire monitors alone. A 
high Reynolds numbers the coefficients of a any ny conduit transition tend navel 2 
constant values—particularly i if the transition is not well streamlined. | The 
gaan agree that the testing z of fire streams in a vacuum is not practicable, f, 
especially in view of Mr. Halbronn’s account of just such an attempt; never- 
theless, their basic hypothesis does" not appear subject to challenge on any 
other grounds. The generation of spiral flow by conduit bends* i is hardly 
an ‘ ‘assumption” in view of the experimental evidence which is available in _ 


Ps) Mr. . Arnold and Mr. Halbronn as to the effect of enlarging the fs eae 
passage. of cross section actually has two effects which | are 
a quite distinct. On the one hand, the reduction in | mean velocity i is accom- 

a panied by a reduction i in the turbulence intensity. On the other hand, how- 


_ ever, the increase in | boundary ‘Spacing permits the ‘Bt 


a7 Hydraulics,” Ed. by Hunter Flow in Pi Conduits,’ V.L 
er V1), John bia & Sons, Inc., New York, N. Y., 1950, PP. 619-408. 
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= ‘The Effective Reach of Powerful Streams,” by Clarence Goldsmith published and distribute 


increase. Only if the same degree of stabilization is maintained by the in 
-sertion of guide vanes as the section is cnlenged will the jet be appreciably — 
improved. This was clearly demonstrated by two supplementary “tests: 
i described in the paper. ‘First, enlargement of the approach section to 2.5 ft 
without guide vanes actually resulted in greater jet dispersion, for the large 
= a of the walls permitted the formation of equally large eddies by — 
the erushed- rock baffle. Second, the Institute monitor produced an inferior 
cae pea: jet when inlet and outlet ends were , reversed, for it was not the enlargement of 
. ~ passage which had increased the range of the stream but rather the proper — 
oo guidance of the flow just before the barrel. tal From these observations it ap-— 
*~pears reasonable to conclude that a -rams-horn monitor of large 
ial — be better than one of small diameter only from the standpoint of in- | 
With regard to Mr. Halbronn’s question about the efficacy of guide vanes _ 
or a honeycomb just before the nozzle, the writers can only rephrase their — 
previous statements. If the approaching is very’ turbulent, vanes of the 


ar 


* 


: oe of vanes may well increase the rate of jet dispersion because of the 2 
ditional boundary-layer and wake turbulence produced by each 
The writers agree with Mr. Arnold that further comparative tests 
me if only to convince engineers beyond a doubt that modern prin- — 
ciples. of fluid motion are useful practically as well as theoretically. Tot the 


other ‘discussers the writers are are grateful for much corroborative evidence of 
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“Wire Discussion By Messrs. R. B. Known, J. F, Tuomas, AND Harvey F. 


Lupwie; A M RawN AND | BOWERMAN; AND RaLPH STONE 


To study the feasibility of recharging th the ground water with effluent from = 
treatment basins v were established in ba 


4 


(D.O.) content of the profoundly influenced the 
- quality of the fluid sampled at various depths i in the soil beneath the spreading 
basin. Additional data are e given concerning the chemical and bacteriological 
data observed at the two test sites. The effect of algae in eee the 
oxygen in the basins i is also discussed Fem 


of ‘the ground-water supply in Los. 


is an increasingly urgent project. Almost 66%" of the water used in the 
from the ‘underground supplies, and the accelerated industrial 


The of effluents has long been recognized asa means 
“conserving the water resources of arid regions. In fact, cesspools and we 


_ Nore.—Published in September, 1951, as Proceedings-Separate No. 87. - Positions and titles given are 

_ those in effect when the paper or discussion was received for publication. ee See ee 

Be San. Engr., Univ. of California, Los Angeles, Calif. 
2 Laboratory Director, Hyperion Sewage Treatment Plant, Los Angeles, Calif. No, 68, 
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"SPREADING BASIN INFILTRATION 
a tanks in Los Angelee County have been | returning sewage effluent to the — ie 


, appoin 


sewage. In the course of Los Angeles County 
ae _ Flood Control District constructed test spreading basins to percolate effluents _ 
from the Whittier, Calif., and Azusa, Calif., sewage treatment plants. 
Se a — Scope of the Experiments. —The test spreading basins presented areas of 
al known dimensions into which precisely measured amounts of fluids could be “4 
bat introduced and in which percolation rates could be closely determined. | ‘There- a 


3 fore, experimental studies were made to consider the following problems: 


1. The development of 


2. To make an evaluation of the of basins» 


‘difficalties, as odors that 


4. To determine the dissolved solids in n the linking 
water to sewage effluent, and the probable effect of the infiltration of such — be 
into the ground waters of the test area; , 
_ §. To make an evaluation of infiltration through earth beds’ as @ means sof a 

removing the bacterial peliution spread waters. 
4 feasibility of reclaiming sewage effluent. After the encouragement of satis- 
performance of the spreading | basin at W hittier, the e percolation s studies 
ie were continued at a . second location at Azusa i in order to evaluate a results 4 = 


‘Tests AT THE WHITTIER SEWAGE TREATMENT Puant 


‘The Basin—A_ small experimental spreading basin 
; adr was constructed near the Whittier Sewage Plant. The 26-ft by 50-ft inside : 
provided 0.028 acres of wettable area. The basin was excavated 
by removing 1 ft of cover from the surface of the ground; this earth was then y 
se built into levees approximately 3 ft high. The fit uid to be spread was brought — 
e “-. into a stand pipe from which it entered a weir box and passed through a 


— elevation of the fluid it in the test basin, The fluids spread included olen 


well: water and sewage effluents from the Whittier Plant. This plant is 
aa 


i 10-yr-old trickling filter plant, operating on an ‘average daily loading of 2. 8 4 , 
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course. The sewage varies from the usual only in the fact 
raw sewage is aerated before primary sedimentation. = 
Sampling Pans.—Samples of the percolated fluid were obtained in open-top, % 
2 water-tight collection pans buried at 1-ft intervals from 4-ft to 7-ft depths Me 


Copper Delivery 
‘Tubes \ 


Collection 


Bottles, 
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4 ; Cement CONSUrUCUION OL 
sampling pans are ou ds, but difficulties with permea 
4 = per filled with finer sands, but diff y employed in the pan — 
e adoption of the coarser m on). 
led to the adoption o 1 fey To ony 


= 
=> = ne Conditions. —The type of soil upon which the Whittier Basin 
“ ae ‘was constructed consists of a top layer of 4.5 ft of ‘sandy loam varying from 
e fine to coarse as the depth increases. From the 4.5-ft to 7-ft depth there isa 
stratum that increases in coarseness in proportion to depth. Below the 
= id -7-ft level the material is finer and test-well logs show red clays : ata depth o of ; 
ot about 14 ft. The effective size of the soil, as determined by wet sieve analysis, a 
was approximately 0.044 mm from the surface to a depth of 4.5 ft. ‘The — q 
a a - effective | size was 0.052 to 0.092 mm from 4.5-ft depth to a depth of 10 ft. ‘The ee 4 
uniformity coefficient varied between 3.42 and 5.0. Fig. 2 shows these soil 
For the purpose of determining the characteristics of the soil strata beneath 
ae the test basin and for observing the position of the water table, 12 wells were a 
. driven to a depth of 12 ft to 14 ft. At no time during the test did the — 
rise t to al level closer t 3 ft below the lowest collection ‘pan. 


Data From ‘THE WHITTIER Tests" 


Plant Data.— The results of a number of composite and a 
taken at the Whittier Sewage Plant are listed in Table 1. . The B. D. 
the unchlorinated secondary effluent was 14 ppm 
_- Hydraulic Data. —Several test runs, using various fluids, were made in the Bes 
a a basin prior to a final 7-day test using a single fluid. The interval between , 
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prior to the final 7-day test did n net: 28 in Potable water, 
chlorinated secondary effluent, and unchlorinated secondary effluent 
i ae during the short tests; but only unchlorinated secondary effluent was _ 
a -— during the 7-day run. A fluid depth of 0.5 ft was maintained in the 
basin most of the test, and the tate of infiltration varied between 
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upper li imit of 460,000 gal per acre 
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py 
= per day to 378,000 gal per acre per day for the unchlorinated effluent. 
_ effect of evaporation was ignored in the hydraulic measurements. _ Nits 3 
_ The final run indicated the feasibility of spreading the Whittier unchlo- “ 
Tinated secondary effluent on the test soil at an average percolation rate of 
0. 5 cu ft per sec per acre or 323,000 gal | per acre | per day (0.99 ft per day vertical — ae’ 
Se without sealing the test basin or causing odor nuisances. The average 


Dav 

ion 

of the Most Probable Number (MPN) of coli- -aerogenes heen per cubic 

- centimeter of sample. The unchlorinated secondary effluent from the Whittier — 

Be on Plant was grossly polluted, having a MPN of 110 + coli- ~aerogenes bacteria per — é 
eabie centimeter in all samples from the basin. 


ae: is important to note that, after 304 hr of nyten polluted seconda ae 


effluent (168 hr continuously) at an average rate of 0.5 cu ft per sec per acre, — be 


there was no evidence of coli-aerogenes ‘pollution in the” percolated sewage 
samples. _ The tabular data show minor contamination in several of the per- 

— colated samples, but this is probably due to outside pollution resulting when the _ 
.. depth th collection pan was s dug up fo; for r inspection. — Also, i it was necessary | to 
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Sec denotes unchlorinated effluent of  essondary process. Suspended solids. Total solids. 


collect samples of percolated fluid ‘dowly in in 


Boil samples from a test hole prey in the basin at the Ca of the tests 


to confirm the foregoing findings, for the soil showed 
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SPREADING BASIN INFILTRATION 


cu cm at the depth, and negative results for -coli-aerogenes bacteria 4 


bi content of the treated effluents received at the test basin av eraged 4.2 ppm. i 
After |" exposure to the atmosphere the D. O. had increased to an average of 

5.95 ppm at the far end of the | basin, “and the ‘samples of percolated fluid” . be 


SF ; at the 7-ft level av eraged 5.6 ppm. | The B.O.D. of the s spread waters 


varied inversely | with the D.O., and the inflowi ing sewage effluents averaged a ‘ 
9 ppm of B.O.D. and percolated fluid at the 7-ft av less than q 
These D.O. and B.O.D. ‘values, when ‘combined with the bacteriological 
results, seem to be of great importance in formulating an explanation of the 
‘mechanisms involv ed i in purification a of the percolated sewage. 


maintained, aerobic. zoogloeal bacteria would develop in ‘and on the surface of — - 


ae. the basin and perhaps to some depth in the soil. - These would act, as in 
trickling to adsorb quickly the organic matter from the percolating 
‘fluids an addition, from a filter where bacteria would 
the experimental results it was empirically decided that a satisfactory 
ae - percolating fluid should have 0.5 ppm of D.O. and less than 0.5 ppm of B.O. > ey 
at the sampling pan level that was to be used for 
= ae a The B.O.D. of the soil oil samples obtained at the end of the tests seemed to _ "4 
confirm: this hypothesis. substantial B.O.D. was obtained in the top soil, 


Red but at the 4-ft sampling p point this B.O.D. decreased to less than 0.5 ppm a nd — ; 
Suspended Solids Present in the Percolated and Unpercolated E. fluents. .—The 
“quantity of suspended solids in the fluid introduced into the | spreading basin ae 
. influences the percolation rate. These solids settle initially and form a mat — 
oa upon the surface of the bed, acting to seal off the percolation of the fluid. 
In addition, the organic matter present in the mat ‘undergoes decomposition. 
~ Hence, in order to maintain aerobic conditions, the B.O.D. of the organic 
aerobic ‘conditions are maintained in the bed, of the 
‘ “organic matter in the suspended solids mat is apparently quite rapid. = * the 
experimental test basin a relatively constant percolation rate was reached. 
However, inorganic and relatively stable undigested organic matter, 


_ together w with zoogleal slimes, algae, and ‘80° forth, ‘in time accumulate wih 


oy 0 ous to trickling filter operation. As long as an adequate D. 0. content was %, 


and a B. 0. D. i in excess of 0.5 pp pm is is obtained, t the mat. 
quite swiftly, reducing ‘the p percolation rate and forcing early drying and 
of the basin ‘surface. e. F the that 
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whan conditions prevail anaerobic environments and d coli-serogenes 
bacteria are carried by the percolating fluid. heaves nsilt at baw 
_ The suspended solids content of the unchlorinated effluent entering the Be 
Whittier test basin averaged 34 ppm, but at all sampling depths the percolated _ » 
‘The pH, total solids, and other characteristics of the Whittier sewage 4 
BS were found to be normal fo for r domestic sewage in the southern California area 
& _ the dates of N ovember 29, 1948, and December 23, 1948. During this period — poate 
- the temperature . of the influent into the basin ranged from 48°  F to 72° F and 
the basin temperature ranged between 43° F and 71° F. The average air tem- 
perature during December, 1948, was. 53.4° F. Thus the tests were 
vored oxygen absorption an and minimum 
oder and biochemical action was at a low rate. _ No nuisance arose from the — 
operation of the bed, and the loading was such that clear q 
ee. of good s sanitary quality was produced at the 7-ft oe 


experimental data from the Whittier are in 


~ ST AT THE Sewace TREATMENT PLANT = 

‘The Experimental Test Basin.- —A second experimental spreading basin 
established adjacent to the Azusa. Sewage Treatment Plant in . order to: 0: (a) os 
Check the results of the original Whittier Studies; (b) evaluate the effect of ‘the — = > 
coarser soils upon the spreading phenomenon; (c) evaluate the results of | 
spreading ina larger. basin; (d) determine the effects of continuous long- 
spreading operations throughout a period of more than 60 days; (e) observe the _ 
effects of warm weather operation of the beds with emphasis on odor + develop- ‘ 
ment; (f) determine the dissolved mineral pickup in the normal domestic | 
use of water as a refuse carrier and from this to siete the number of cycles - : 

_of possible reuse of the reclaimed water; (g) test the effect of spreading effluents E ite 
with varying values of B.O.D.; (h) observe the effect ¢ of algae action upon t the ee 
spreading phenomena; and evalbate the effects of an anaerobic environment 

At the Azusa treatment plant an unused percolation basin was Teconstructed 

to provide a a bed 50 ft by 70 ft with 3-ft fluid depth. = ‘The inflow structure and my 

flow and depth recording were similar to those employed at the 


treatment is a Gyr-old trickling filter plant handling 


: 


es 


gal of raw | 
is operate 


“Throughout the entire operating history of this plant the effluent has been 


joo of in percolation basins. @ These basins a are operated by discharging r 


‘the flow of the the ‘plant. a singlet basin for a -day 
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iorina j ee iii 
efore discharging onto the trickling 
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eae experimental basin was similarly operated although the amount of 4 
spread was closely controlled. T! The period of was for 
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(f) DEPTH OF 
FLUID IN THE 
BASIN, IN FEET 


we PARTS PER MILLION. Bat 
DEMAND (BOD) OF THE FLUID 


ENTERING THE BASIN, IN —— 
PARTS PER MILLION 


(d) DISSOLVED OXYGEN (DO) | 

IN THE FLUID AT THE wen 


most PROBABLE NUMBER, (J) DISSOLVED OXYGEN 
OF E-COLI PER 100— (00) IN THE PERCOLATED 
CUBIC CENTIMETERS, AT THE LAA |, 


FAR END OF THE BASIN Zz 


Potable 
Water 
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a7 Res Sita’ than 7 days, and for a one-week period a1 an admixture of primary and 
_ Sampling pans similar to those | developed during the Whittier tests a 
<4 used, _with the recommended filling material graded from }-in. gravel at the 
bottom to 1/30-in. sand at the top. Only two sampling points were used, 


ra 


after whic time a mat of inorganic and organic matter builds q 
and is then reused. In ititing 
basi ducing a percolation rate and necessitating 
on the bottom of the basin re 
D) OF THE FLUID AT THE FA 
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SPREADING BASIN INFILTRATIO? 

pad at at the 24- ft depth to provide a duh on the rapidity of saiiatinte of Re 


“aa - formation to consist of gavel and boulders to a depth of 414 ft. The water 
we table stands at depths exceeding 200 ft below the ground s ay" and on don 


September 1, 1949, was at 264 ft. 
Dat From ‘THE AZUSA 


plant in influent. The secondary D.O. varied from 1.87 to 3.68 ppm. 
The secondary effluent B.O.D. averaged 33 ppm. A iis listing of the complete 
data can be found in Tables 2 and 3. 


a aan ydraulic Data —The , Azusa re reclamation tests started with the spreading 
- of final treated effluent for 5 days. After this time a mixture of primary and 


q 


effluents was introduced into the spreading basin for a period of 


week. ‘The test basin was then returned to the spreading c of final treated 
After 1 month of continuous percolation the basin was dried up. 
After a subsequent 1-week drying period soil samples were taken and secondary 
effluent was.again percolated for a 2-month continuous period. 
_ By the admixture of primary effluent to the final effluent a ‘fluid with 100 ,* ea 
os ppm of B.O.D. was obtained. When this fluid was introduced into the basin _ ee. 
os depth of 2 ft, the available oxygen supply was quickly depleted and 
——«=B. O.D.’s as high as 24 ppm were obtained at the 7-ft level. A Suspended solids er 
a content was also found i in the percolated fluid at all test levels, and the percolation 
i. dropped sharply. J The percolation rate for this first 30-day test started 
approximately 10 cu ft per sec per wetted acre, but at the end of the ‘period 
it had dropped to 0.9 cu ft per sec per wetted acre. During a continuous run Sa - 
of 2 months the rate was 0. 0.6 cu f ft per sec per wetted 


shown i in Fig. 2 a fluid with 33 ppm of B.O. Ds 70 ppm of solids, 


this nature an effluent of a satisfactory 
would no odor or operating difficulties. is of interest to in 


4 


B.O. D. of less 5 ppm n were in the percolated fluid at the 7- 
level to ‘the time when no D. 0. anda substantial B. O.D. existed, and then back © ee 


— 
— 
| 
_ Azusa spreading basins are underlain by coarse sand and gravel. — 
4 test hole dug to the depth of 10 ft indicated an effective size varying between — ee 
q | 

| 

q — 

a 

4 

3 

3 

4 

than 2 cu ft per sec The fluid depth averaged 2 ft 

— 

— | 

— 

4 — 
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could 


Be a whereas the jieteailicn rate i in the coarse soil of the Azusa basin could initially (| 


on be varied by changing the head. | ‘Thus, practically, the organic loading | on the “a 
TABLE 2.—Mrunerat IN PPM—AzUSA SPREADING 
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Magnesium 
Sulfate 
(SOwr+) 
Ammonia 


Potassium 


zusa Piant, May 19, 1949 
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Percolation 


‘6.3 


11.32/02 |... 
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6) 1.2 
213 1.6 


Influent...........| 720 | |... |... | 383 0.13 


Eb tas 176 | 50.8| 0.28 
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4 62.8/0.8 | 9.4 
41.6 1.0 3.9 
12.2 |51.4/ 15.5] 56.4 40.5| 1.6 0.3 


53 | 12.5 51.2 16.6 


727 72 | 100|3 14 | 319 | 99 | 


Ww hittier Deite could be controlled by the B.O.D. ‘alone, but. both the initial 
"percolation rate | and the B.0. D. were possible variables at Azusa. However, 
continuous ‘spreading over a considerable period a a ‘surface mat layer 

is built up in any type of soil. Hence this interface becomes a controlling — 


fata in the ultimate rate of percolation regardless of the soil ‘soll 
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SPREADING BASIN INFILTRATION 

—SuMMARY OF Data— —Azusa, Cauir., SPREADING Basin 


Location ‘ime | aerogenes |: 


na 


to basin. 
Far end of basin 


7-4 depth : 


4 


Far end of 
24-ft depth 


Pereolated depth 


7. 


“Far end of 
Percolated fluid “ 


Inflow to basin. be 
Far end of basin. 
‘Percolated fluid 


24-ft depth 


of 


ft depth 


is 1949 Rate = = 0.73 CU FT PER SEC PER ACRE PAS. 


“Inflow to basin. 


— — 

ee 
iii 
| 
— 
a 
1110 | 148 | 19.20 |... 
ig 


¢. 


=< 


7 


= 


B.0.D. 
@pm) 


a | « 


ep 
ted ft depth. . 


720 


(j) Jury 28, 1949 Percotation Rate = 0.63 cu FT PER SEC PER ACRE 


80 
7.56 | 120 


15.4 


24-ft depth 
-ft depth 99 2.20 


23-ft depth. 
7-1 ft dep th 


Avaust 9, 1949 PERCOLATION Rate = 0.63 cU FT PER SEC PER ACRE 


Percolated fluid | 7 


ll, PERCOLATION Rate ER SEC PER ACRE 


Inflow to basin. J Ger? 120+ 


Pereolated ft depth is |: 


"Inflow to basin 
-ft dept! 
7-ft depth... 1045 | 10.1 


a Far end of basin 
Pereolated uid {7 igi 


Bas. 


Pi 


4) 
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— | | om | 
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(ppm) 


to basin. 
Far end of basin. 


Percolated fluid (74 ft depth. 


(r) Aveust 25, 1949 Percoation Rate = 1.16 cv _FT PER SEC PER ACRE 


Far end of basin . 


24-ft depth. 
lated fluid 
7! ft depth.... 


Avevar 30, 1949 


a ar end of basi 


Inflow to basin...... Oo | 
Far end of basin 


Recommended Test Basin ‘Operations.— —The “experimental work and avai - 


able data do not warrant conclusions as to the | operation o of the beds. It i is 

ia probable that operational schedules would have to be fixed for each soil and — Pee 
each spreading location. © In the Los Angeles area the Azusa sewage plant . 
has successfully used the procedure already ‘mentioned, but the Polaris Flight 
= at Lancaster, Calif,, ‘ in a@ very tight soil, has used 1 day of filling sha 


aa local conditions such as ‘soil, type of ‘effluent, : Larter land and ‘equipment 
and similar factors will decide operational procedure. 
aa Bacteriological Data —As i in the Whittier tests, the ‘secondary p ant e: 
1g the basin was grossly polluted, having 
Ee per cu em in the incoming fluid and at the ae end of the basin. During the re 
F +e; first week of the tests, when only secondary plant effluent was spread, the bac- he 
terial samples at the 7-ft depth were all negative. However, when the mixed = A 
if primary and secondary effluents were added to the basin and anaerobic condi- — 
tions developed in the soil, the coli- ~aerogenes counts in the percolated fluid | 1 ba 
at at the 2}-ft and 7-ft levels. rose to 1,200 + per cu em. When secondary efflu- 
= ent was again n used and aerobic conditions were gradually re-established, the — 
coli-aerogenes counts dropped from 0.62 to 0.31 — percucm. This approaches 
drinking water quality. it seems s probable that when anaerobic conditi 


¥ (q) Aveust 23, 1949 Prrcotation Rate = 0.53 cu FT PER SEC PER ACRE 
= 
| Percouation Rare =0.20-0.19 cu rr PER SEC PER ACRE 
| BEPTEMBER 1, 1949 Percotation Rate = 0.19-0.24 cu Fr PER SEC PER 
— 
— 
= 
7 
q 
— 
— 
4 
4 
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depth by _pereolating but if prevail the coli- 
group islargely eliminated. = 
Soil _ samples were taken i in two of the e dry operating | basins and at the test 
: before it was | placed i in use. These samples. showed bacterial pollution * ee 
" bi, ranging between 100 and 6,000 coli-aerogenes groups per cu cm in the surface | 
to 40 per cu cm in the soil at the 3- ft depth. this no ) coli- 


aerogenes were found. However, view soil samples after 


J hit Added to Basin Added to Basin 


(a) PERCOLATION RATE IN CUBIC FEET | | = | (f) BIOCHEMICAL OXYGEN DEMAND (BOD) | | 
PER SECOND PER WETTED ACRE Ae - OF THE FLUID AT THE INFLOW TO THE. 


Ae) 


co 


(g) DISSOLVED OXYGEN (DO) IN THE 
FLUID AT THE INFLOW TO THE BASIN, - 
PARTS PER MILLION 


on ao 


BIOCHEMICAL OXYGEN DEMAND (BOD) | | 
OF THE PERCOLATED FLUID AT A DEPTH 
OF FT, IN PARTS PER MILLION 


w 

oo 
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BOD 


vy 


ae - FLUID AT THE OUTFLOW TO THE BASIN,. 
MOST 


ENTIMETERS, ATA DEPTH OF 7 FT 


Xp 


cy, 
May June July August 
‘Fig. 4.—Operationan Recorp, Azusa, Cauir., SPREADING 
he basin had become anaerobic, coli-aerogenes were found at all test depths. _ ‘The ig 


- following 2 months of aerobic operation gradually eliminated the bacterial con- he 


—The D. 0. content of the secon ndary effluent: entering 
basin averaged 2. 2 ppm, and the D.O. of the percolated fluid at the 
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primary effluent was added to the basin no oxygen was 
found i in any of the percolated samples. ty! al} 
= The B.O.D. of the secondary effluent entering the test basin at Azusa ate ans 
; averaged 23 ppm. At the overflow end of the basin the B.0.D. had dropped 

| to 15 ppm, and at the 7-ft depth the percolated fluid showed a B.O.D. of 1.6 ppm a ey 1a 
The mixture of primary and secondary effluents had a B.O.D. of approximately 
100 ppm, and after this fluid had been added to the | basin for 5 days, the ia 
percolated fluid at the 7-ft depth showed a B.O.D. of 25 ppm. pt When secondary bo Saal 
Be effluent was again used, the B.O.D. at the 7-ft level gradually dropped to the — ee. 2m a 


3 


the bacterial, D.O., and B.O.D. data on ‘the percolated fluid a at = 


Certain as soil. and weather were very different in 


eo ‘the two tests, but the major differences seemed to be in the total organic ‘ 


= - loading and i in tl the action of algae. It was assumed during the Whittier test ges: if ae 


a good working criterion would be 0.5 ppm of D. 0. and less than 
5 ppm of B.O.D. at the test level. The test level would of course be depend- 


ent upon the ground-water This limit still seems to be an acceptable 
working tule since the sanitary quality | of the Azusa effluent throughout the 
aerobic test averaged just a little poorer than that acceptable for drinking 


a water. The Azusa plant effluent averaged 2.2 ppm of D.O. and 33 ppm ae me 
‘B.O.D. and was percolated at a rate of 0.6 cu ft per sec per acre. The Whittier 
3 waters, with 14 ppm of B.O.D. and 5. 95 ppm of D.O., were spread at a rate of bee : % 
a: 5 cu ft per sec per acre. The organic loading at iAwaea through hydraulic oy 4 
 eontrol averaged about twice that at Whittier. Knowing both the oxygen 
demand and the D.O. of the influent to the basins and the D.O. or the oxygen ee 
is >: demand of the percolated fluid at the sampling level (or both), the approximate _ 
quantity of additional oxygen needed can be calculated. It seems probable 
the permissible loading will ‘approach a constant on all types « of soil 
Be a except for factors such as temperature, the action of algae i in supplying extra Wigs : 
oxygen, and the relation between the B. D. value and 1 reoxygenation. The 
4 


4 ‘The amount of oxygen supplied by the atmosphere to: 
Bee from ¢ earth basins can be estimated by difference. . 7 Thus if the oxygen demand, ad . 
= original D.O. of the fluid, or the D.O. and oxygen demand of the fluid at te te aa 
= testing depth i is known, a calculation can be made. 
Assuming no oxygen is present in the top soil ‘the spread fluid 
perature averaged 75° F, let equal the oxygen load of the spreading 
pe: basin in pounds of oxygen absorbed in in 1 day by 1 wetted acre of s spr i 
basin. Then, O.L. is the rate of percolation i in millions of pounds of spread 
. A fluid per day times the quantity given by adding the 5-day B.O. .D. in ppm _ es , 
the spread fluid to the D.O. of the percolated fluid at the testing depth sub- is 
a tracting the D. 0.a at the inflow to the basin and also oe the 5-day exacsey 
in ppm of the percolated fluid at the testing depth. 
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Using the da data | obtained from t the Whittier a and Azusa tests, ‘caloulations 4 

O. of basin influent (ppm)...... 4. = a 
Percolation rate (cu ft per sec per acre). 05 | 
Percolation rate (Ib per acre per day)... ti 
ee On the basis of the above. gures, it is indicated that 41 lb o oxygen were 4 cao: 
ee _ supplied per wetted acre at the Whittier basin and 95 Ib were supplied at the 5 ae _ 


besin. ‘The temperature and the oxygen in the soil would make sc some 


Wetec, = tests were made when temperature and weather conditions were > at an 
optimum for the growth of algae, while the Whittier tests were made when 

algae action was at a minimum. Previous as well 

hr D.O. tests made at Azusa (see Fig. 5) ‘show that algae can introduce: 


iz very large quantities of D.O. into waters in which they are present. 
The calculation is not exact and test plots such as those described non © 


: _ would be desirable, if not necessary, at most locations where the spreading of 4 . 
treated sewage effluents is proposed. However, the calculation when used in 4 
eonnection with known test plot data will give an accurate estimation of the 
organic loading permissible at any proposed location. Thus, if the factor O. 
a at is calculated for a certain test plot, this value can be reinserted into the equation | i 
; ye oa along with the desired standards of 0.5 ppm of D.O. and less than 0.5 ppm of | ¥ = 
B.0. D. in the percolated fluid at the test depth. The factors left to determine 
are » the B.O.D. of the basin influent and the percolation rate. ‘Since the 
influent B. O.D. is usually known, the safe percolation rate can then be cal- 


_ culated. Also if a limited percolation rate is possible the maximum permissible * 


B.0.D. can be determined. 


2 an of 70 ppm suspended solids. é At the overflow end the. 
a solids content had dropped to 32 ppm, and at the 23-ft level the percolated — ; 
fluid showed 9 ppm. At the 7-ft level ppm of suspended : solids were present 
during the aerobic ‘posted ‘then when mixed primary and secondary | effluents 
: a ; Tom were being added and anaerobic conditions existed, the suspended solids in the 4 


“The of Algae i in Waste Treatment, A. Espinosa, Public ‘Works, Vol. 79, August, 

_- 9 “Qxidation Ponds,” Report of the Committee on Sewage Disposal, Eng. Section, Am. oe 

‘Health Assn., Sewage Works Journal, Vol. 20,1948,p.1025.0 

“Sewage Oxidation Ponds—Performance Operation and Design,” by D. H. Caldwell, ibid., Vol. 18, 


: ah 7 __ *“Rate of Production of Oxygen by Freely Developing Algae,” by W. E. Abbot, Water and Sewage 
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percolated fluid at the 7-ft depth rose to 24 When aerobic conditions 


_ were re-established, the solids in the percolated samples quickly dropped to 


_ average of of 3 ppm. i] Illustrative of the effect of oxygen on the solids mat 


and thus percolation | rate, is the fact that, when large quantities of air were ue ” 

diffused into the basin, the percolation rate increased 1 cu ft per sec per wetted — ae ; 

sere. It seems apparent then that the maintenance of aerobic conditions 
important both from the standpoint of delivering a percolated effluent of 


satisfactory quality and from that of maintaining satisfactory percola- 


he Total Solids.— —The secondary plant effluent received at the test basin aver- oR ~ 
2 510 ppm of total solids, a and the percolated fluid at the he sampling depths 
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_ Standard Saturation Curve for 
Es Oxygen Dissolved in Water Under a £ 
Pressure of One Atmosphere and 
Temperatures Prevailing 6-16- 49 


_ WlustratingDO 
Characteristics of the 
Fluid the Basin 


Basin influent 6-16-49 | 


Parts per Million of Dissolved Oxygen 
Fie. or GrowTHs on D.O. Content 


There were 3 of suspended solids and 


of the Azusa water supply a’ aversned 260 ppm during the test 
i period. A well subsequently added to the system has increased thissomewhat. _ 
. Thus it can be seen that there i isa dissolved solids i increase of 172 ppm as the in 


water passes from a potable water. supply to. ‘sewage ‘effluent. The total 
= dissolved solids content of the unsoftened Metropolitan Water District water 
is 737 ppm,'° and the > upper limit for the permissible dissolved solids content of 
water, assuming allowable chemical characteristics, is 1,400 ppm. 


Gags 
1° From Table of “Chemical Anal of Los Angeles Water—Fiscal Year 1947-48," Los Angeles Depart- 
ment of Water and Power, Los Angeles, Calif. 
Report U Ope the Reclamation of Water from on and Industrial Wastes in Los Angeles County, 
by C. E. Arnold, H. E. Hed; M Ra Los Count y Sanitation Districts, 
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SPREADING INFILTRATION 


ons average usable figure for this region. ‘the = | 
_ percolated effluent is used with 432 ppm of dissolved solids and it is assumed — s 
ee there i is a standard pickup of about 172 pr ppm of nontoxic minerals each time | 
me the water is reused, the percolated effluent must be used twice more to reach — 
the total solids content of ‘the Metropolitan 1 Water District water and 3} 
times n more to reach the limits for irrigation water. Rain-water and ground- 
water dilution provide an additional safety factor. Hence, it is probable that : : 
if the sanitary quality and content of undesireable minerals is controlled, 
> treated domestic sewages- similar to those reported here can be percolated = x 
Pet ‘To determine the ultimate effect upon the potable water supply of the + 
-172-ppm increment of dissolved solids, this increment must be broken down 
Fi into its various components. Thus, the potable waters had 12 ppm of chlorides, a: 
he 2. the percolated fluids had 49 ppm, or a chloride i increase of 37 ppm. Table — 
f _ 2 shows the increase > in the other critical elements. It should be eoted that — 
the amounts of sodium sulfate and boron are particularly important because of “a 
their toxic effect on plants when present in high concentrations. For instance, ; 
1.5 ppm of boron, 400 ppm of sulfates, and 50% sodium are the maximum limits .. 
Ca agricultural water. ¥ Similarly, it is desirable to maintain the cs carbonates. 
_ and bicarbonates at less than 250 ppm. The percolated J Azusa sewage could | 
és _ thus be reclaimed continuously through two to five eycles. In actual arn 
ote course, the dilution afforded by the ground waters would cut the mineral 
The nitrate content of waters is also: of concern, but of 


percolated fluid showed 


alt 
bed 


| 


cute The pH of ‘the Asus. water supply was 7.5, that of the plant effluent was 
7.2, and that of the percolated fi fluid averaged 7 7.3. The pH was 
close enough to neutral to cause little or no effect on the 5 ground waters. The a 


a RS: pH of the spread fluids rose as high as 8.3 when profuse light algae growths = 


vi Tue Errect oF ON THE SPREADING OF oF 


‘ 
wih in an aerobic fluid when sunshine is present and temperature 


are favorable. are Particularly : sensitive to te temperature,® ‘80 
the Whittier basin, operating during the w inter, received very, little oxygen 
Res Bae from the action of algae, while the ‘Asusa basin received large quantities of 


re 4 life processes, wherein carbon dioxide is synthesized to starch, using chlorophyll 


; oe irae. oxygen. The algae supply oxygen to the fluids they grow in as a result of their a 


= <9 and sunlight, and oxygen is liberated as a by- -product. ese. 
the experiment, the algae seemed to have little effect on on the: coli-aerogenes 
ey). a count of the fluid i in the percolation bed, but the D.O. they produced helped 
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Sadiaeaba the algae obtain their energy from the atielioe the D.O. . they produce 
follows a characteristic 24- hr curve, and they are e usually not effective : at fluid ne 
depths of over 2 ft.” ' Therefore, although the a algae do contribute o organic i. 


: - matter to the basin, the amount of D.O. they produne: makes their presence in — 


J 
si: biet ee 


Between May 13, 1949, ‘and June 30, 1949, of the fluidin 
‘ ‘the Azusa basin ranged from 60° F to 83° F. Later the water temperatures - a 
averaged 89° F _ Thus, maximum warm conditions were approximated i in the = 


"spreading basin. a ‘The warm weather ¢ did not create ay odor problem although 


D.O. existed there were re slight odors. 
is pro = 
basins and no noxious wastes are » allowed, serious odor will 
The experimental data obtained in the Azusa experiment, are summarized i 


ap THE CoNSERVATION OF FERTILIZER VALUES 


The da data obtained were not to allow valid on this 
The spread effluents averaged about 30 ppm of organic 1 nitrogen, and percolated 
fluids showed about 7 ppm of nitrate nitrogen. However, the sludge that ay — 
collects on the floor of the spreading basin contai contains 3 3. 17% of organic 
en 1. A method for successfully collecting percolated fluid samples om'thd. 
4 ha subsoils was developed. Collection pans buried within the spreading g from the 
successfully carried the percolated fluid into a sampling 
ved 2. It was found that it is possible: to percolate satisfa ctorily sewage ge effluents 


os at rates as high as 0.6 cu ft per sec per acre for periods of several months. : ae 

gaa Initially very high percolation rates are obtainable i in coarse soils but the bed © hee oe 4 

eventually seal off and the rates approach 0.2 cu ft per sec per acre. Within f 
the limits of used in these tests dependent upon an ‘adequate 


“ distance between the basin and the ground- water level, initial percolation Be 
; rates on porous soils are controlled by the depth of the fluid i in the b basin; ey 
nd after continuous spreading a an impervious ; mat builds = on the surface of the is by 
Coarse soil and the fluid depth has 8 little effect reacting the same as fine ‘soil. a 
when aerobic conditions are present, the percolation rate graduall 
_ decreases, and the bed must be dried and cultivated. The actual operating 
‘schedule ‘must be decided by the local conditions. vid 


8. No coli-aerogenes pollution resulted when aerobic conditions were 


maintained in in the percolated fluid. Conversely conditions allowed ad 
i 


ot Laks and. 
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aoe | ly . Bacteriological ex amination of the soil beneath the test t spreading beds 
al seemed to confirm the assumption that bacterial pollution — was carried by 
fluids percolated under anaerobic conditions. «j= 
"4 . 5. Experience at the Whittier and Azusa test basins indloates that | if the 
= arbitrarily determined standard of 0.5 ppm of D.O. and less than 0.5 ppm -% a 
es B.O.D. in the percolated fluid at the testing depth is maintained, water of a ; 


> The placed on the basin the spread fluid i is determined 


A 


seems 
probable that the permissible organic loading on any soil approaches a constant — 
that can be calculated but that the large amounts of D.O. contributed by - 

can cause variation. Safe practice would be to apply a base loeding 
ae such as obtained i in the winter when algae are not active. In these 2 
this was calculated to be 40 Ib of B.O.D. per wetted acre 
: ae The physical characteristics of the soil in the percolation basins are of q 1 
some > importance in t in the process, 80 | the depth of soil above the water table vee a 
be evaluated. - However, water of good quality was produced at the 7-ft 
or in both the tight Whittier soil and loose Azusa soil, Impervious soils 
obviously cannot be used for percolation basins. 4 


«8. If the basin was kept i in an aerobic condition, the suspended solids of 


a, If the organic loading increased and anaerobic scnititiinis prevailed, the bade 
ie: was rapidly sealed off and percolation rates decreased. Odor difficulties did not 


occur if aerobic conditions were maintained — although basin temperatures — 

Be 9. It was found that the dissolved solids increment i in ‘the cycle connecting — 

iA potable water to secondary sewage effluent at the Azusa plant was 172 ppm. | 

=e It was also suggested that this be considered as normal for domestic sewages _ 
of the Southern California area. Such a a pickup would allow the water to be 


i used continuously two to five times unless undesireable wastes were not = 


ppm of 14% sodium, and 0. 1 ppm of boron per single use and 


vide a dilution factor for the sewage. rey 
aa 10. No odor problems appeared, although | fluid temperatures ranging from 


67° F to 89° F were found. How ever, the basins were somewhat unsightly i 
“gppearance because of the profuse algae growths. The percolated fluids wer 
clear as long as aerobic conditions were maintained. 

te As officials of the Los. Angeles County Flood Control District, H. E. Hedger — 
and Paul Bauman, Members, , ASCE, authorized the sewage reclamation a 
at Whittier and Azusa. Finley B. Laverty, M. ASCE, handled the general — 
- direction of the reclamation test program, and L. W. Jordan, A. M. ASCE, — 
was the immediate supervisor of the work in the field. A M Rawn, M. ASCE, 

a8 acting for the Los Angeles County Sanitation Districts, authorized the cau. 


and bacterial testing that wes necessary. 
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a R. B. Krone," J. F. Tuomas," anp Harvey A, M. ASCE. 
| 


~ —The method of sampling described i in this paper “ also been used by the he ae 


é were amas at varying depths i in the soil in ‘shafts inn from a well placed at 
the center of each test plot. — Extensive use of the pan method showed it to a 


a) It is difficult to without disturbing the overlying soil, me a 

4 


~ and even more difficult to secure a good bond between the pan and the over: te a 
‘The method fails percolating “water is under tension (less 


at 


(3) The flow the characteristics of the percolating water bs 
4) The size, of the pans, if large to collect significant samples, 


sample fro from enough locations to : assure representative results. 


improved and more convenient ‘sampling laboratory n method'* involves 


a 2 the use of a porous tube or “‘probe,” inserted in the soil at the desired sampling © = 
depth, to which negative pressures or tensions are applied. The porous tube Ee a 


is comparable i in size and porosity to a coarse bacteriological filter. It extracts a 
= from the soil by forming a npdoodysamnte sink. The configuration of a 


> 


a be However, the magnitude of the tension applied to the probe is so slight that = 
the volume or region of soil affected is very small, extending only about 10 le 

; aS em from the probe for applied probe tensions of about 100 cm of water. Thus a fakes 


the disturbance caused by the sampling scarcely affects the general pattern of 


around the zone of a well into whieh underground water is 


The proper tension to be applied to” the probe depends upon the soil” 
es permeability, the frictional resistance of the probe material and of the con- os 
4 necting tube, and the initial soil solution pressure. | The he necessary probe — 

tension is readily | applied by ‘means of a hanging water column. With a probe “Te 
q q sie of proper dimensions and porosity, the feasible yield per probe is about 20 ae i 


Prof. of San. Eng., Univ. of Berkeley, 
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_18“Reclamation of Sewage Water,” by A. E. Greenberg and H. B. Gotaas, Americon Journal of Public 
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Health, Vol. 42, April, 1952, p.401. 
8Porous Tube Device for Sampling Soil Solutions Du Water | Operations,” by R. 


Krone, H. F. Ludwig, and J. F. Thomas, Soil Science (publication 
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aoe ma for reclamation of sewage ge effluents by recharge | of "ground-water gains 


added support from the excellent performance data on operating prlation 


ee presented in this paper. _ Reclaimed se sewage effluent has been directly — 


oe 
cr 


re-used for industrial and agricultural purposes in many places and on many © 
neces and the records ¢ of such re-use abound in the literature. 11,19,20 “aie The 4 
Stone-Garber | paper, however, presents a practical method “whereby sewage 
f : effluent percolated into the ground may be rendered wholly acceptable for any 
; and all uses to which normal ground waters may be placed. 
— Direet re-use of sewage effluents is highly restricted, but the infiltration 4 
‘such sewage effluent through the soil and into ground waters 
restricted use of such waters upon subsequent pumping. an preliminary Te- | 
presents part of these da data on reclamation by spreading-basin infiltra- 
a aia he authors have re-analyzed and amplified this information and have 4 
shown more > precisely what results were obtainaed. 4 


ur 


 * ti is of particular interest to note the widely differing character of the soil 


2 cursory examination would suggest that it was not appropriate = 


recharge p purposes. In referring to the basins, the term, 


permeable wig of the performance recordell at 
7 ‘sites increases one’s confidence in the general thesis of sewage | reclama- 


Some ‘Significant questions are are ‘posed by this paper. First: 
does long-term spreading have upon the underground geological formations 
a that receive the effluents? It is logical to anticipate that the structural and ~ 


chemical nature of the soil will be « changed by the pickup or loss of inorganic 
 eonstituents which may be deposited in the soil or leached from it into the a 
_ percolating water. — An operation extending over several years might yield 4 
. “Ta results somewhat different from those observed during the short period of the 4 
; test runs. — The chemical or physical changes « occurring | in the soil can be ob- 
. _ served by suitable testing, although long periods of time might elapse before q 
such changes appear. _ ‘The Azusa basins have been operated a as sewage effluent a 


4 ae percolation ‘ponds since 1943 and it would be expected that any changes oc- a 2 


curring underground would already have taken place. However, the alluvial — 
. - deposits at Azusa may not be representative of other conditions as they are 


stream- washed and, contain Organic. or other chemical 


= 1 Chf. Engr. and Gen. Mer., County Sanitation Dists. « of Los Angeles County, Calif. aaa 
San. Engr., County Sanitation Dists. of Los Angeles County, Calif. dy 


4 “Industrial Uses of Reclaimed Sewage Effiuents,”” by N. T. Veatch, Sewage Works Journal, Vol. XX, ie 


“Agricultural Uses of Reclaimed Sewage Effluent,” by L. V. Wilcox, %bid, pp. 24-33. 


Con Utilization of Sewage Water for Agriculture,” by A M ‘Rewn, Proceedings, 18th International 
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effluents through a have on the r receiving underground waters? 
The chemical content of the underground waters immediately underlying an bv ime 
above it. ‘Although the authors s clearly indicate that bacteria and 


organic matter are filtered. out within a “gt feet, the chemical nature of the 


3 vs} In an investigation, it is seldom possible to study all phases of a oa 
and it is not with the thought of criticism, | but merely as a suggestion, that 
a these particular questions are presented. The transfer of chemical constitu- — 
ents between the soil and the water will exert some effect on the final condition | 
of the effluent as it reaches the underground waters. However, this will prob- | 
ably prove to be of secondary importance, and it is doubted if the overall . 
picture will be greatly affected. ‘The importance of reclaiming, for 
a steady and reliable source of water, suitable for return to the underground © ‘ec 
aquifers—particularly in semi-arid areas such as Southern California—makes- 
7 it necessary that all aspects | of this problem be resolved as quickly as possible. er 
Stone, 2 A.M. ASCE, anp WituiaM F. Garser™, —The investiga- 
tors Krone, ‘Thomas, ai and at the University of California : 


tying soil. However, with the full comprehension « of the factors involved in 

} achieving continuity between the collection pan media and the overlying soils, ap 
_ effective percolation pattern was achieved in fact, both at the Azusa and 
hittier test basins since satisfactory large. volumes of percolated waters were 
collected at a rate varying between 1 gal and 0.1 oz per 10 min of sampling i 
= depending on the concurrent velocities of the surface percolation. aS 


The University of Southern California investigation of leaching from dumps™ _ 
* has successfully utilized a type of collection pan placed into undietarted soils — 
= their leaching studies. Similarly, the Lodi test conducted by the University Be 


Ai. In the “Waste Water Reclamation and Utilization Project” (University of © 
California at Los Angeles), the are continuing to the same 


2 San. Engr., Univ. of California, Los Angeles, Calif. bs 
Director, Hyperion Sewage Treatment Plant, Los Angeles, Calif. 


“Investigation of Leaching from Dumps,” Dept. of Eng., San. Eng. La 
fornia, Los Angaies, Calif., Monthly Progress os. 5 to 8, July to 
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hichisessentially 
rast to the use of a porous probe, which 1s essentia 
with collection pans in contrast to brane tip, operated with negative heads" 
3 tube with a nging column of water. It is true that it 
4 i nduced disturbing the overlying soll | 
| a > nay be difficult to place a 
4 
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E f utilization at the test basin site, these Azusa co 
years of u > 
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efficiently, as judged by the ‘consistency. of chemical al and bacteriological data 
va obtained from these sources. At both the Whittier and Azusa test basins, the — a 
Fy collection pans were installed carefully by the physical removal of the surface __ 

_ material and then backfilled carefully to assure continuity between the a 
7 phase of the c covering soils and that of the interior of the collection pans. With 
_ the passage of time, superior consolidation of this backfill has taken place at the a 2 
Asusa installation thereby approaching the undisturbed soil condition. 


molecules and the soil particle su surfaces. 
place in the soil interstices, these soil surfaces must be.“ wetted” 
i and the capillary soil pores filled. . This moisture demand is often ‘called the = 
field capacity of a soil. - Only after the surface tension forces have filled the 


hydraulic gradient of the water use of 


‘¢ on called “tensiometers.” These tensiometers are similar to manometers except iB 


= tive pressures resulting from surface tensions in the water covering the capillary 
pores and particle surfaces. Under conditions of evaporation or plant vere &g 


that they have a ceramic membrane top so that they record the direct panel 
ae. pressures of the liquid phase at the surface of a soil column as well as the nega- 


a piration of the soil moisture, these tensiometers (located at different depths in 


the soil) actually can measure the hydraulic gradient in the liquid phase of the = 


_ soil moving the moisture toward the top of the soil column. The negative sur- 


face tension of liquid phases, with percolation rates in the range of 0.2 ‘ft per > 


eters, | then permeability of the soil column (a-b) can be calculated. 


a4 day, is —2 ft to —4 ft of water head, whereas the tensiometer readings, when 
Sa as evaporation and transpiration result in upward movement of the soil moisture, 
@ are as low as — 


Be €% a3 the collection | pan sampling method fails, little if any y downward 1 movement of 


_ recharge water into the underground aquifers occurs. The rate of flow of ‘perco- 


lated water can be equated. as follows: 2 2 Anh 


-(1) 
which the of flow is the permeability coefficient is K; and the 
the x rate of percolation or flow i is measured and the hydraulic gradient between = 


— 6wo points a and b in the soil column : are » determed through the use of tensiom- | 


movement pattern of the percolated water a sink 
with negative gradient in the liquid water 


difference in hydraulic gradient between two points a and bis AH. Hence, if - 4 


- 


— 
Pp 
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a Soil Moisture Tension.—Under conditions of high soil moisture tension, there 
is little movement of free capillary water through the soil. Soil moisture ‘io 4 
ion can be defined as the molecular attraction or “‘wettine” between the water 
p 
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STONE AND GARBER ON SPREADIN BASIN INFILTRATIO ; 
ill move toward the porous probe operating under vacuum. — The porous ~ 
robe, therefore, withdraws the surface tension waters while the collection pan ay 
intercepts free water moving through the interstices as aresult of the actionof 
Ph reason that the Berkeley investigators have not adopted the porous — 
probe for field sampling is that a probe of proper dimensions and porosity vi " 
 eollect only a feasible “yield” per probe of 20 milliliters per hr. However,the 


collection pan, under conditions of high percolation, mech greater 
sa ; See of percolated effluent and, therefore, is much more convenient for field ae 
sampling. Finally, field samples collected for bacteriologic, B.O. .D., , turbidity, 
a possibly other analyses would be appreciably affected by filtration through — Cae 
properly stated that considerable field experience has been obtained empirically ae 
about | industrial and agricultural re-use of waste waters. Furthermore, the 
ue county sanitation districts cooperated in the performance « of the Whittier and — 
Azusa ‘studies by making available the services of the laboratory and the — 


personnel of the districts. preliminary report covering a part 
Performance of Intermittent t Sand Filters. .—It is well known that the 


activity of either aerobic or anaerobic biological action, and (3), of course, a fF 
filtration phenomenon can also b be considered | both and 
Whittier and Azusa tests clearly in indicate the following: (1) The 
——markable effectiveness of such sewage filtration i in stabilizing organic matter 
P. and removing pathogenic organisms, particularly under an aerobic environ 
3 ment, , with a B.O.D. loading of iin, 40 Ib to 100 Ib per wetted s acre; (2) the 
‘recharge percolation rate is largely controlled by the ‘spreading-basin 


“condition and the manner ¢ of spreading-basin operation; (3) the major effect ied 


the organic load and the pathogenic cregnaians content by (1) storage, (2) the 


basins allowed the propagation of mosquito larvae. 


rk, 


| 
q 

a 3 
4 
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be considered as a legitimate type of sewage treatment. i hath 
ousliv erated a ading asi ets 98 9 xid 
— 
vi 
— = 
4 
= ae develop high percolation rates: and (5)_ no mosquito or flv nuisances were noted a 7 . 
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Whittier. —The Vi Ww hittier soil maintained effective rates > 
ave eraging more than 1 ft of water per day for one week of continuous operation 
the spreading basin. These initial Whittier and Azusa tests indicate 

importance of maintaining fluid depths of more than 1 ft for effective filtration 
rates. At the 0. 5-ft depths of ‘spreading i in these basins, the percolation rates 4 
Sa = were much less than when the normal 1-ft depth basin head was employed 4 = > % 
Bie (Figs. 3and 4). The Whittier well waters fed by the recharged sewage effluent ; — 


were chemically and bacteriologically ‘satisfactory to the adjacent 
= No complaints by health or other authorities on water quality have ever been q . 


_ Anaerobic Disposal Operation. —The Whittier-Azusa tests quite clearly 
. indicate that, under anaerobic environmental conditions, there can be consider- | 


% able noxious odor in the spreading basins. In addition, with the anaerobic 


os aa environment, the samples collected at various depths in the soil had reduced a 
a quality when measured in terms of (1) high counts of MPN coliform, 
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4 was sepliasiiad treatment even under anaerobic environment of the: dain 


3 s = effluent and that the B.O.D. and MPN counts for the spr spread sewage, after = 


« 


. The controlling factor, 
evidenced the W A tests, are that any soil is satisfactory which 
is permeable ‘enough to allow a satisfactory entrance and percolation of water 
eS for effective recharge. In fact, the finer grained soils provide greater = | 
and thereby insure more satisfactory biological and physical filtration 
course, very fine clay soils of “very low permeability would be practically — 
as Lae impervious to the movement of percolating water and therefore, would be un- = 
‘The Effect of Long-Term Spreading on ‘Soils. —W aste waters spread into the 
“a ‘soil can be classified in their effect exactly as any other similar mineral type 4 = 
water. Waste waters can be employed feasibly for leaching alkali soils and, 
thereby, reclaiming such soils that would otherwise be uneconomical to reclaim — 


s __ with other water sources. Spreading basins have been used to recharge a aquifers 3 
3 cae de Azusa since before 1940 and there has not been any noticable reduction in _ 
ee the capacity of soil to percolate the effluent. f Since before 1927, numerous a 
other farm locations including Pomona, Fresno, Bakersfield, and Ontario—in 
1g ea California—have been operating without noticeable deleterious effects on the 2 


a --‘Feceivir ing soil strata. Hence, _ the effect of ‘infiltration o of spread water on the 7 
~ underground geological formations can be summarized as follows: (1) The 4 
‘infiltrating sewage will leach out and drain alkalis present in the surface soll 
so that a continuous steady-state permeable condition prevails; (2) = 
a satisfactory percentage-sodium relation exists in n the spread effluent, the 

Bai 3 a and other colloids remain flocculated and allow maximum permeability 
se (however, with a high-percentage-sodium, chemical deflocculation of the clay, 


w 
colloids may appear which will reduce the of the 
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: (3) ‘the organic material and in the soil under proper ¢ cy cles of 
ie Ps resting and desiccation will not interfere with percolation and, in fact, may = 
sist in maintaining high percolation rates; 26 (4) fines—that is, small, inert 
particles introduced into the surface of the spreading basin—will reduce ‘uhiclgs 
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good injurious § | unsuitable 


lew 


5 

* 


Boron 2.0 


Average| | Average} 
Mineral hyper- Mineral] 


an 


Mi 
nesium, Mg**. 
Bodtum 

Boron, 


one to 
five to eight one to - sal 
two to seven 
three to six | 769 ‘one 


7 
| Units are parts per million except sodium (%) = 


| 
| 


wr 
1 


4 


Domestic, industrial waste, and salt brines introduced into sewage. 


Average percolated effluent ata depth of 7 ft. 
Refer Table 4 for “good to injurious’ permissible limits of certain io ons slaban 


tion rates, of course, but these can be removed by scarification of the basin ee. 
surface; and (5) in the « operation of cesspools and septi tanks, the Azusa and 


°° spreading basins observed by the authors indicate that there is no un- ee 


Be predictable change in soil characteristics and that breakdown of the geological 


formations from of effluents is similar in nature to that. 
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the recharged waters are comparable 

Chlorides. —The chloride at the Whittier test } plot indicate the 

leaching of the soluble salts occurred in the top soil. ‘This leaching should have 

stopped 1 when the salts were completely washed out. . The percolated effluents: 

“4 ‘at the Azusa tests did not show evidence of either leaching « or soil hevatatowa 
These Azusa soils that have | continuously for many years 

The paper 4 

jo that, even disregarding the dilution effect of underground aquifer 

io waters from other sources, the reclaimed effluent sti still might be recycled twoto 

five times before mineral pickup would be gr great enough to present a problem. | 

‘TABLE 6.—Cuemicat ANALYSES or WELL WarTER IN 


To- 

Well 

No. | XX10* 


@ @ 


4217 


(9) | (10) | (11) 


6 


& 


eS 


3 


21-31 


84 
| 0.52] 1.57 3.38 


District. 


* Units are in per firet ant last lin 
_ data in the first line, these tests were observed at the laborato 


The first line was reported by the Division of Water Resources, State of 


1.05] 


of the Los Angeles Count; 


Flood Control 
alifornia. 


ek Perhaps it would be well to review the mineral standards, developed a at the 
zt aaa m0 Rubidoux Regional Salinity Laboratory, United States Department of Agri- 
culture, that are generally accepted as fair criteria for irrigation water quality. 
at ., es the standards described in Table 4, the mineral analyses for the increment — 
of mineral pickup of the Azusa and Los Angeles sewage over the potable water 
_ supplies are enumerated i din Table 5. By reviewing these tables, it is evident 
that it is feasible to re-use these waste waters from one to five times slate : 
reaching mineral classifications that would be unsatisfactory for agricultural 
purposes. The Hyperion ‘Sewage treatment plant is introduced into this dis- 
es because of the large (averaging 220,000,000+ gal per day) volume « of 
water discharged into the ocean from the plant. Considerable quantities of 
_ industrial wastes and salt brines are introduced ‘nto the plant influent and, s 
Pee under for ai industrial wastes ond other mineral al water, 


i 


4 


— 
— 
— 
— 
— 
; 

— 
21-31 | | 14.05 0.52} 1.22] 0.23] 3.44] 0.99} 099 
30-50 | 4236 352 | 328 12 | 34 | Tr. | 72 |36 7 None 
| = Aug: 30-50 | 4239A/ 9M... | 490 464 |216 32 }120 5 |120 | 40 |) 
14-50 | 4248 | 330 | 207 16 | 21 | Tr. | 60 | 7 
Nov. 8-50 | 4255C 210 178 12 169 |None| 60 | 7 None — 
80-49 | 4257 | 414 | 303 44 [148 | 80 | 3 
Nov. 9-50 | 4259 H6.9 | 360 | 331 |216— 12 | 98 |10 | 88 |27 | None 
18-50 | 4267¢ | 872 | 481 |264_ 232/168 | | 37 
28-50 | 4268 | 430 | 338 |212 | 77 |10 | 96 |24 | None 
Nov. 9-50 | 4278 | 396 | 373 |228 | 10 | 92 |35 None ag 
Nov. 8-51 | 4284B] pH64 |... | ... 
Aug. 5-51 14285 | 420 | 390 |208 | 86 |None| | 44” None 
14-50 | 4286 | ... | 250 111 1128 34 Tr. | 28 
Al 4287A | 492] 458 |252 | 40° [136 | 
4287A| ... | 334] 279 |... 17_|_ None 
4289 | 48.7 |... | 0 (1.84 | 

| 
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Water percolating through the soil into the underground aquifer, of course, 


3 


STONE AND ‘SPREADING BASIN 


3 
Hyperion effluent would be of better mineral quality. The Azusa mineral 


pickup can be used as a yardstick for minimum ‘mineral pickup. Table’ 
_ Classifies the Azusa and Los Angeles effluents in terms of the agricultural fae 
= standards. The Azusa sewage does not contain appreciable brine or industrial eh 
‘4 wastes and may be considered a representative domestic Southern California 
=: a sewage effluent. Industrial and potable water quality standards, in general, 
are in the same approximate range as the agricultural quality standards with ree “a 
certain exceptions which need not be discussed in this paper. 
Analyses of Surrounding Ground Water.—The Los Angeles County Floc lood 
Control District has taken samples in the neighborhood of the Azusa sewage Ee ish 
treatment plant as well as in other surrounding areas for many years. Table i - 
6 compiles the results of these and other ana analyses. ~ It will be noted from Table 
«6 that there is no consistent pattern of degradation of the ground water that nae 
can be attributed to the Azusa sewage discharging into” the underground 
aquifers. Table 2 indicates quite clearly that, contrary | to obvious considera- 
tions, all the mineral constitutents present in the spread effluent do not remain | 
in the percolated liquid. For | example, ¢ the total nitrogen present in 
ae samples collected at the 7-ft-depth collection pans 3; at Azusa is much less than se 
that present in the spread waste waters. Evaporation of ammonia gas, lossof __ 


a be a nitrogen (as } N) to the atmosphere, fixation of nitrogen in the organic matter i in 
* the surface soil—are factors causing this nitrogen removal. ‘Similarly, bas 


“ exchange relationships between the percolating effluent and the ‘soil, subdiae = 


phenomenon, and other cain biological factors influence 
is 


_ will dissolve considerable mineral content. Hence even rain water, after re- 
3 _ charging to the underground, contains the various categories of anions oan 
‘ ith this thought in “mind, the feasibility of direct re-utilization a 
a controlled and treated waste waters for cropping, industry, or re- 
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_ FINAL REPORT OF ‘THE UPLIFT, 
IN! MASONRY ‘DAMS OF THE COMMITTEE 
ON MASONRY DAMS OF THE 


,_Herewith is submitted a report by the Subcommittes. on Uplift in 
Subcommittee has been functioning for several years under 


to. the qu ate to 


a report on this are numerous unanswered. questions 

Ba sin a scarcity of field data as to uplift effects in the concrete of the dam struc- 
a ture, a and prospects for ‘obtaining « such information in the near future are not 
promising. Hence, this report is presented as a statement on foundation 
i uplift. Since the dimensions of a dam depend o on n the assumptions for founda- 4 


Lave. designer and cannot be waived by him. Therefore, neither this Subcommittee 4 y, 
nor anyone else can arrive at rules for such assumptions | of general or r universal Be 
peers A few conclusions will be presented at the end of this report, bet 4 
they must not be considered as rules. The report is essentially a digest of in- : 
formation: and practice 3 which, when considered in connection withthe particular 
eircumstat ances of each p project, , should aid the designer i in arriving at adequate 
| assumptions. Also this report should not be considered as establishing any 
‘ x rules by which the adequacy of existing dams should be determined. Here 
.* Se every existing structure is a special case, | and any determination ofits = 
uplift is As one of a number of factors entering into the de- 


erete of sdequate quality as to ‘strength and permeability. The task of 
4 Subcommittee has been to study uplift, , and others pi presumably will investigate 4 


Nore.—Published in June, 1952, as Proceedings-Separate No. 133. Positions and titles are 
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noteworthy failures of concrete or masonry gravity dams i inthe 


United States have been those of Austin, ‘Tex.; Austin, Pa.; the St. Francis | Dam rc 
< in California; and Dam No. 26 on the Ohio River. In all these cases failure was ce 


= due to inadequate resistance in the foundation to horizontal movement—that i a a 

fe to! shearing failure in the foundation. Also, in all these « cases there was evi- tote ig 

: dene that uplift contributed to the failure by reducing the effective weight of _ a q ie 
the structure, and , consequently, the frictional resistances dependent upon 


least in dare United States, no important failure has been due 


= These lead to the conclusion that uplift in 
> the foundation, are always to be reckoned with and are an essential element ort 2 


sai While modern practice has come to include an uplift allowance, many 


existing structures, designed without any y allowance for uplift—perhaps without 


any conception | of it— have been for many years, and are still, 
satisfactorily. Similar. attitudes have existed with reference to design against 
ice pressures. Some of these are in the category of high structures, although 

me most of them a are probably less than = ft in height and may be ‘slemned as low ; 
Among the reasons which may be assigned for the apparent stability of these 
‘structures, even though no allow ance for uplift forees entered into their 


The presence of joints o or other openings in the foundation 


ee downstream flow in the rock and discourage the building up of any great uplift haa aa 
intensity. Coupled with this is ‘possible sedimentation or other means of sealing 
.-* the entrance to water passages s upstream of the dam which would still lower the ite ar 


proware gradient further. The practice of providing a cutoff wall through the 
upper strata of the foundation, whatever may be its disadvantages from other ba i Re > = 
points of 1 view, has had at times beneficial effects upon the uplift intensity. a q 


The principal ebinetion to the use of a cutoff wall in rock, aside from its qos, ? 


wow 7 
hile tensile s 3 in the foundation and in n the concrete or 


a. well as in the connecting bond, is generally neglected in design, such strength © 3 we Por 
exist. In dams of moderate height, this factor may have great significance. 
Particularly w when the foundation rock is of massive, and steeply dipping charac- 
_ ter, tensile and shearing strength may provide material anchoring forces at the ie: a8, - 
heel of the dam, directly e contributing to stability. _ In horizontally stratified 
and thinly bedded rocks such resistances are less significant. In any case, 
i these effects become less important as the height of the dam increases. While fe 
the destructive forces i increase as the ‘square of the height « of the dam, the resist- rg) a ia 
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assuming a straight-line distribution of the load stress across the foundation, Z 
there is actually some uncertainty about this distribution. Some mathematical ai 
~ analysis and some model tests have sl shown n departures | from the straight-line 


stresses much less than the maximum were determin 
even at a time when the reservoir was almost full. effects were 
nt moderate. While this determination was made upon a very large dam, J 
there seems to be no reason why material departure from the straight-line _ 


oe  d. Related to Section 2c are the effects of temperature load transfer and 
aed, swelling of masonry at the face exposed to water, which have the result of 


ies ee. modifying the pressure gradient from a straight line and i increasing the aneoniie = i 


distribution. These effects may not be ‘significant it in low dams, where tensile 
os strength is is relatively : important, but they can be important in high structures.*: .% 
@. ‘The resistance to horizontal movement as expressed by the shear friction 
factor is actually much greater than any resistance only to 


a said f. In some sites there are feiveem igh favorable to stability, such as s the 


ie are two constituent elements in uplift pressure—the area factor ood 


ae dam which is  canimned to be subject to uplift p pressure. . It has a maximum | 


value of 100%, or 1. Smaller values have been assumed in numerous dams, 
according to the judgment and experience of the designer. Ri a! 
a, The intensity factor, J, is the assumed ratio which intensity bears to an in- 
tensity gradient extending from ‘maximum headwater to maximum tailwater. 
is commonly expressed as a gradient extending from maximum tailwater 


me assumed higher elevation at the upstream face of the dam, below the 


gradient, the upstream end of | of which is at an elevation m midway t neenens: maxi- ; 


ss A “Stress Studies for Boulder Dam,” Bulletin No. “fy Par Part V, Boulder Canyon Project Final Repts., U. 8. 
Bureau of Reclamation, U. 8. Govt. Printing Office, Washington, D.C. 
he Development of in Shasta Dam,” by J. M. Raphael, 117, 
“Measurements of the Structural Behavior of and Dani,” Technet Monooraph No. 
— TVA, Knoxville, Tenn., 1951. 


Project Part I, TVA, U. 8. Govt. Printing Office, ‘Washington, 


While dams are customarily upon the “middle third” theory, 


An illuminating illustration of departure from the line i is found i a 


assumption may not exist i in much smaller structures. + 


of pressure at the heel and toe of the dam above that given by the sighting : 


The area factor, A, is the prepertion of a horizontal section at the base of the a . 


maximum headwater elevation. _ Thus, a 50% intensity factor indicates a a 
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are used. The diagram with a “break” conforms more nearly to observed 
= data as cited later whereas the straight-line assumption simplifies computation ee x 

ri somewhat. . In either case the intensity factor expresses the relation of fthe 
a -— intensity ‘assumed to that which would occur if the gradient ‘extended between ies 


a maximum headwater and tailwater in a straight line. An intensity factor of _ 


or 1 would mean that the assumed gradient ‘extends maximum 


_ 
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imum ter. ; = 
ee 
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welt 
; Fro. or Upuirr Inrensiry Various Factors 
a _ There has been some confusion in 1 the past as to the use of these factors. 
‘ They are not interchangeable. In & high da dam with low tailwater it it does not 
. make much difference whether, for example, I be taken as 1.0 and A as 0. 50, 
Ss me 4 or I bes assumed as 0. 50 and Aasl 1.0; but i in a low dam with high t tailwater oe 
interchange makes a great difference in the computed “uplift effect. hk 
§“Engineering for Dams,” by W. P. D. Julian John & Sons, 
er 


ee 


> 
7 
| | 
= 
— 
— 
— 


=... 


by seams and fracture. 


+ Local solution in dolomite. 


Bureau or Recuamaton 4 


as Bedding thickness 4 


4 

American Falls Igneous __ Columnar basalt: Solid and massive 

a ... | Metamorphic | Quartz-biotite schist assive 

Marshall Ford | . Austin and glenrose Thin 4 

| Seminoe Igneous 4 gray granite? Blocky, with mica 

te 


¢ Phyllite in left abutment. / Maximum depth. 


* Each of the dams in Table 1(c) has a drainage 


¢ Igneous and metamorphic. 


Whesler et Sedimentary Thin, 3 in. to 6 
‘ontana Metamorphic uartzite* assive a 
Cherokee 173 | Sedimentary | Shale and limestone Thin 
Clark Hill Igneous? _ Granite or granite gneiss | Varies (thin to 
Allatoona Metamorphic quartzite, Schist foliated; 
Buges Island Igneous? Wi Granite and bioti' None 5 
Bluestone Sedimentary utment shale |\Thin to massive 
Creek Sedimentary | Limestone = Thin to massive 
22 | Center Hill Sedimentary | Limestone Thin to medium — 
Dale Hollow Sedimenta Limestone Thin to massive 
85 | Narrows’ | Sedimentary | Sandstone and shale Thin bedded 
| Sedimentary | Dolomitic limestone | Thin to medium 
27 | Bull Shoals | Sedimentary Dolomitic Thin to medium 
28 | Fort Sedimentary Limestone with Thin to medium 
intercalations 
Fall River Sedimentary Shale, sandstone, and ‘Thin to ‘medium 
30 | Harlan Sedimentary | Chalk with | bentonite | Thin to medium 
34 | Chief Joseph Igneous Granodiorite Master joint system 
35 McNary av Volcanic Basalt Massive 
Bonneville Igneous‘ Diabase (lock and power | Medium to massive tuff 
ong Detroit hee Voleanic® Andesite and breccia ann Medium to massive 
38 | Meridiane Voleanict Andesite tuff breccias Massive flows 
40 | Dorena Volcanic! Tufts, agglomerates, Flows of andesites* — 
¢ With reference to the axis of the dam. At the maximum section. Between centers. ¢ Broken 


gallery and, with two excep-— 


— 

> 

4 
i 

ae 

F 

= 
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Strike 


4 6) 


(spacing and tightness) 


ore: 


Downstream North and ‘South 


West 70° Irregular in rh 
Northward & fti in al, 000 Whe 


Wentward 5° to 10° 


“Irregular i in direction 


In many directions _ 
and tight 

verage 4 
Numerous seams and joints = 
planes 


gun 


Downstream 10° Transverse to river, 30° + a 
15° to 45° 
Transverse to river, 50° to 80° 


* 


Upstream 45° (varies) Almost parallel to axis” 
40°to 70° Parallel to axis 
40° to 60° Almost parallel to: axis 
5° into left abutment norma! to axis 
Nearly horizontal! 
Downstream slightly Almost parallel to axis: 
5° toward right abutment] toaxis 


Nearly horizontal 


Nearly horizontal 
Near y orizonta 
re 


20° 30° “upstream Parallel tas axis 


Natiable foliation in in ‘Dam, diag 
= 


11° to axis 


& 


| Most wits, tight 


Moderate 
uent 

Me erate 

Frequent 


Wide, tight <*7, 
Wide, mostly 


Wide, ‘mostly, tightens 
Medium to wide, tight 
Close and opené 
Wide and tight 
Wide and tight, some rae 
Medium to wide, tight oe 
Tight to open, some = 
Wide, numerous open and 
Close jointed, tight 
Medium to wide, some 
Medium to wide, solution channels Ge 
and tight, some channeling! 
ide and tight 
Mediumand wide 
Wide andtight 
Close to medium® 
Ide an ig 
tight to open 
Sada ig “ans 


f 


5 ft to 20 ft apart, open 

Columnar an platy’ 


Close to weathering? 
Close to medium, mostly tight 


2 


ions, the cur eurtain gro grouting is the gallery. At Tygart Dam (line 18) and at Conchas Dam (line 
, the grout curtain was placed through the heel of the dam. / A fault at the right end of the spillway. | 
Also thin limestone and coal. ‘Solution channeling. Mo. Interbedded. * Across fault zone only. °On~ 


Line 
| 
a 12 — 
= 
(USED 
| 
4 
_ 28 
A — 


strength grout curtain? drainage 
Kine) Nameofdam | (ibpersqin.) | (ft) 


Compressive | Depthof |  Depthof 


a 

or Ructamarion (USBR) Dams 


j 


Not available 
159000 


High 

Not 
Not available 
400 
Not available 


(t= 


| 


ao 


(6) Tenwesser Aursomrry (TVA) Dams 


Wheeler 


Fontana 
Le 
| 


To be determined 
100 


oo 


33 


SESSSSSSES 


: 


ly 
1 
2 
6 
3 
6 
2 
5 


to 75° 
— 
th, 
To be 
To be determined | To be determined 


rena None available 
Folsom Not available _ 40 


— 
.@ 


3% 
BETES 


‘a 
J 


$s 


nal 


To be determined 


the upstream side eltersating between 50 ft and 75 ft; downstream depth, 45 ft. » On the upstream side 

of the grout gallery, 5 ft 10 ft on the downstream side. ¢ The grout curtain for the main dam was | 7 

placed thr the fillet at the heel of the dam. Provision for future by constructing fi Py 
ve the foundation. 


* Over fragmentary beds of tuffs, — 
agglomerate. * Main dam to Mormon Island Dam. » Foliation in Mormon Dam, none in the main 
dam. “Close to medium and extensive weathering from 20 ft to 30 ft, moderate weathering to 105 ft. 

_ “4 Upstream dip. Joints most pronounced. ** Most pronounced dip, secondary dip is set normal to — 


@ 
| 2» he 50 
a 
— Varies from 
extending from lastic. Witl Flows tilted ! 
toh pon end Lookout Point a 
38 th 34-10. tighty tieht in vall 


sought’ in this 1 to adhere to stated, and toe express 
all the ideas presented in these terms. = 
a This report is considering primarily the matter of foundation uplift. = In 
order to secure consistency of treatment through the entire length of the s' struc- se = 
ture—that is, in the abutments as well as in the maximum section—the same es ; 
design assumption | should be made for all levels in the dam above the foundation. _ 
2 Modifications may be made for differences in tailwater conditions which would 3 
: lead to steeper surface slopes on abutment sections, but designers will generally, = 
= prefer ti to use uniform m slopes in or order to minimize construction difficulties and | to 


“ied haa OF EXPLORATION AND GEOLOGICAL Srupy 
sid The p proper er determination of these factors, ‘eqpecially. I, must be on 
the most thorough possible study of the foundation and geological conditions. ec 
i It should include > determination of the geologic structure and its significance, - 
the composition, ‘absorptive capacity, and permeability of the rocks. The 


prevailing bedding and joint systems; the thickness and relative tightness of 
strata; and the presence, magnitude, and course of solution passages and of any | 


a other sy systematic or unsystematic openings are significant. The ground-water | 
table as it exists, and as it may be expected to be modified by the proposed — 
construction, is important. _ If there is evidence of underground flow in a direc- 
tion parallel to the dam axis, the proper uplift assumption may be affected. 


= 


: ‘The quality of water to be impounded should be studied—for instance, whether ax 

_ it is hard or soft—to determine the possible effect of the water on drains and is 
- -grouted cutoffs. In short, it is not possible to know too much about subsurface oy 
conditions.®7 (See case history of Center Hill Dam in Section 7.) Tables 
1a), 1(0), and 1(c) present considerable condensed data on foundation condi- oe 
tions, but individual sites require much more detailed ‘investigation th than these pes 5! 


: a ‘The value of the area tastes; dy: A, in foundations or in structures has not been 
i determinable in situ by any known method. There is some experimental evi- pi 
2 : ch dence believed to be pertinent, and there are certain arguments and theoretical — 
discussions by authorities which constitute additional evidence. 


tg 


The most recent experiments | upon the effective area in concrete include 
of Karl Terzaghi, Hon. M. ASCE, and 8. lelinvaky Bey and Douglas _ 2 


McHenry, Members, ASCE. The first investigation, by Mr. Terzaghi, 
_ published in 1936, reached a value of 0.98 as the area factor in concrete. . 
Leliavsky Bey, after an elaborate series of experiments, obtained a mean value bs: 
_ Of 0.91 from his work on concrete.* When the concrete was considered ‘to be 
in a saturated condition, he corrected this value to 0.85. Mr. McHenry, re 


ig Ss to ) the Third Lere Dams Congress in 1948 a value of 1.00+ for the area 7 . 


“More and Better Geological Data for Use in Hydraulic Projects," by G. H. by 
nst. of Mining and Metallurgical Engrs., 1929. . 


“Geology and Foundation Treatment for TVA, U.8. Govt. Printing Office, Wash- 
_ ington, D. C., 1949 
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= after experiments | on eonerete with the triaxial | machine 


to theoretical ev idence, L. F. Harza, tM. ASCE, has presented an argu- a 


ment by deductive reasoning that the area factor must be 1.0. His reasoning 
is applied primarily to concrete, but it appears to be equally applicable to rocks 
in which there is defined porosity, and this includes a large number of such 
rocks. « essence of this paper was also presented to the Third Congress a 
Large Dams at Stockholm, Sweden. It has been widely discussed. 
In a previously cited work® a strong argument is made for the use of an 
factor of 1.0 in foundation rocks, particularly when these are horizontally | 
bedded. Mr. Terzaghi argues" that conditions similar to those which he found 


these rocks in their own structure will be subject to a high :factor.: ‘This a 


‘& = i is aside from the influence of defined openings in the rock, whether they be ze) 
_ joints, openings along beds, or the results of solution. The presence of these — 4 


i fs in concrete can be expected | in rocks which are measurably porous, and that 


_ 4 defined openings facilitates access to rock which is porous and promotes the 


b ae saturation thereof and the development of a high area factor. The defined — 

: i. openings may themselves occur in such a position as as to D present an area factor of , a 


«In 1933 W. A. Zisman experimented on the of rocks by 


method similar to that: followed by Mr. Terzaghi in his: experiments on con- 
crete.* The compressibility of most of the rocks examined was markedly 


ss "greater i in the jacketed specimens than in the unjacketed ones. These results — 
‘ point to a high value of the area factor in these rocks. The Chairman of this — q 
Subcommittee has estimated from the given data that a specimen of marble 
had an area factor of 0.90, while Specimens of of three different granites had a ¥ 
factor « of approximately 0.75. An exception was found i in the « ease of obsidian, 
a because of its glassy nature, had no porosity and showed no difference ts 


between n the performance of jacketed and unjacketed ‘specimens. This con- 
i. Fig. 2 as mentioned later. Mr. Zisman’s data also indicate that, when = 


the pressure intensity reached 720 kg per sq cm (10,200 Ib per sq in.), the 


difference in compressibility between unjacketed and jacketed specimens q 


very ma markedly diminished, indicating. that p pores and cracks were closed by 


In the of. Mr. Hara’ paper, previously ¢ cited, it. 
i dake oak that the e existence of pore pressure area up to values of 100% a 4 
tae can occur together with a concurrent high degree of structural strength which - be 

resist ‘the ‘disruptive effects of “pore pressures. ‘Similarly, the body of 
unweathered foundation rock will be characterized usually even higher 
qualities of ‘structural “strength. However, if weathered rock exists: in 


% ee im foundation, as it frequently does along joints, the weathered material = 2 
_ _ Discussion by Ross M. R f “The Signifi f Pore ‘Hydrauli tures,” by 


_ “The Significance of Pore Pressure in Hydraulic Structures es," by L, F. Haran, did ibid., 193 
Proceedings of National Academy of Sciences, Vol. 19, 1933, p. 666. fo 


if 
— 
— 


be by a high area factor with little or no strengt 
Whereas weathered material is usually Temoved | before construction 
An interesting statement was made by W. Schurter, general reporter of 
4 i the Third Large Dams Congress at Stockholm, in the report of that body, 
& 


between effectively s ‘submitted to uplift pressure 


and the total area considered is an ensen tially empirical value, which may 
“Investigations, communicated to the Third Large Dams 
different authors, have supplied for this coefficient, values included 
special steps are not taken against uplift pressure, the action of the 
; a, aforesaid is, in principle, to be felt in the substratum of the foundation _ 
area and in the body of thedam.” MEO 
In the ss same congress, E. Reinius stated: “Ta, Sweden the 


area isalwaysassumedtobel0Qpercent j= 4 
ind An interesting diagram (Fig. 2) has 
been submitted by W. P. Creager, Hon. Appronienate 
-M. ASCE, of this Subcommittee. Based 0.80 4— of Experiments 
an admission of 1.0 as the area factor 
in sand, andafactor of Qinanabsolutely 
nonporous material such as glass, the area 
| factor would vary roughly as shown 
diagram, giving the general position, 


2 0 
ve. 


The further fact. may be cited that 


“near the base of hich dams, where tail 
water is normally present and may have 
high value, condition of ultimate 
saturation must be regarded as attain- Yo" 
able. With it is a a high 


vo 


area factor. 


a evidence | and "argument, most of the. 
members of the Subcommittee believe that a8 & practical matter all new Pa 


is should generally be designed with an assumed area factor of 1.0. ola atl ; 
6, Murnops « OF REDUCING INTENSITY Factor 
ice The first method of reducin ng I Tis that of the grouted cutoff. The object, — 
i. of course, is the prevention or retardation of the passage of water beneath the 


and the production of a reduced uplift. ~The depth, frequency of holes, 
and pressure employed will be determined by the geological ‘conditions, eo 
" revealed by the exploration. A great deal of trial drilling and grouting is 


ner generally advisable before ‘a final program i is arrived at. anes. preliminary — 
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information may be obtained the accounts sof 
Tables 1(a), 1(6), and 1(c). Wherever a definitely imper- 
- vious stratum exists in the foundation, it is usually advantageous to connect _ - 
the grout curtain with this stratum. (However, see discussion of Pag 
es, Hill Dam in Section 7.) Where definitely pervious strata are known to exist — 
the curtain should cut off these formations. Ww here there is little variation 
in the strata, approximate flow nets may be utilized to determine the — | 
; depth of cutoff. it will be seen that no rule can be given for this depth. th. re, 
The grouted cutoff is regarded by most e engineers as permanent. Howe ever, 
ie at the Third Large Dams Congress, Mr. Reinius of Sweden expressed some __ z 
doubt as to this permanency. In any event if a gallery is provided near the 7 
- foundations, as i is usual in the larger American dams, additional grouting of | 
_ the cutoff can be performed from this gallery if it is ever required. In the 
2 case of lower dams, such grouting can be performed either initially or later 
ey through the water of the reservoir. _ Evidence | as to the advisability of ee ae 
treatment would be supplied by observation of leakage, 
a _ In addition to the grouted cutoff, an additional provision in many Ainwicen 
a ts _ dams is a system « . of drainage holes which is drilled from a gallery in the dam — 
ae ear its upstream face to penetrate the foundation rock downstream of the — 
Ba cutoff so that water passing the c cutoff area can escape to the gallery without — 
building up the uplift intensity. This water escapes to the d d 


3 or The relief will be more effective and reliable with closer spacing of the drain a 


“a holes, although it is is always possible that the drains will not reach certain pas- a 
gages. “on measured uplift pressure and on spacing” and depth of 
, tat drain holes are furnished in Section 7. Certain requirements as to drainage 
wells” must be stated. | The gallery f from which the holes are | drilled should — 
large enc enough to permit the use of ‘machinery for the cleaning, reaming, 
extension of holes, or for drilling additional holes, and the holes should be so 
located in the gallery as to permit such operations. jg. = | 
Be: There is a real objection to drain holes in that ony may ‘become clogged o 
made ineffective by deposits. Regular inspection of the condition of 


may be n necessary ‘if other m measures are ineffective. “Several instances 
= - have come to the attention of the Subcommittee where measured uplift pres- 


sures have been reduced by drilling additional drain holes, notably at Hoover — 


Dam (in Arizona and Nevada) and Norris Dam (in Tennessee).?* 3.14 


The clogging of drains may arise from the following causes: 


—s Evaporation, which may at times leave deposits of calcium carbonate | 
other minerals upon the exposed surface of the drain hole. 
_b. Reduction in the capacity of the water to carry solids because of its i 


of pressure on escaping into the drains, 


Increase of alkalinity by the solution of salts contained in the rocks. 


Collection of trash or debris in the drains. 
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© the use of drains because of troubles 
experienced it in their | country. On the other hand, Tables 1(a), 1(b), and 1(c) 
show a wide use of drains in the United States, and the Subcommittee has = 7 
not been informed of f troubles si similar to those Teported i in Sweden. , Itis sug- 
- gested that Swedish waters in general have much lower alkalinity than those 
of the United States and, therefore, are much more active in their effects ae 
concrete and rocks w with soluble elements. As suggested in Section 4, 
the quality of reservoir water is one of the factors 1 requiring, examination in ay 
on 7 _ The 1e most satisfactory check on the performance of the d drains is furnished — 
of the uplift pressure occurring under | the s structure (supple- 
mented by measurements of the actual flow), and these observations are most _ 
permanently reliable when made from transverse galleries: in the dam. In 
7 structures of any size » when reliance is placed on the effectiveness of the drains, — 


ae the provision for uplift measurement should be an essential feature of ial is a 


of the Subcommittes have called attention to the wide buttress 


foundation can same result can be obtained by a system | of 
: ‘galleries transverse to the axes of solid ‘dams with drains drilled in the floor a 
thereof. | Subsurface conditions may make such drainage advisable. The 
selection of a type of. structure is not, however, the function of this Subcom- 
mittee, and Lis a question of ‘economy of design. It is he held to be t Sub- 
committee s function to deal generally with gravity dams. 
7. Evipence As To Inrensity Factor IN FouUNDATIONS 


-Herewith i is summarized the available data on intensity, of actual f founds 


Ae a. | The first publication which may be classed as giving modern information — 


tion uplift. as measured in the structures themselves. 
on the subject i is that of Julian Hinds,"* M. ASCE. (The data given on two 


and reproduced as Fig. 3. . In this diagram are shown measured intensity = ; 

é th ‘ diagrams for structures with data as to cutoff grouting and drainage provisions. ey ae a 
It is tot be noted that the highest intensity is shown for a structure having 
neither grouting nor drainage and that those structures in which both grouting 
drainage have been provided show the lowest range ¢ of intensities. 

2 c. In Fig. 4 are shown separately data for Neye (in Germany) and Willwood 

BY . dams listed by Mr. Houk, for which cutoff grouting was performed but no 

drainage | was provided. . To these have been added a record from Wheeler 

Dam of the Tennessee Valley Authority (TVA) compiled by the Chairman of 4 

_ 8“Upward Pressure Under Dams,” by Julian Hinds, Transactions, ASCE, Vol. 93, 1929, p. 1527. - 4 
t «Measurements ot by Ivan E. Houk, Civil Engineering, September, 1932, p. 578. 
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This dam is a ‘relatively low structure, being subject to only about 50 ft of 4 
a Ss head. In these dams there is a marked reduction from 100% intensity — 
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Reclamation = (USBR),. United States D D epar artme nt of the Interior ( (from Fig. ) 


jsineluded in this diagram. bed 
ey There is } much more information available as to dams which are provided — ii 
-. both grouting and drainage, particularly from the. USBR and the TVA. re . 


_ d. Information for eight « dams of the Bureau of Reclamation has been Pars: 


K. Keener, M. ASCE, in a paper before the Society’s Power 


_ Division i in November, 1949, at Washington, 4 from which Fig. 5 is is reproduced. a 


oundation n data for these dams, furnished by | Mr. Keener, are presented ‘also 


a: in Table together with data as to depth of cutoff and drainage. aie 


Pi 


ERCENT OF NET HEAD 


O& 
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ON: PERCENT OF BASE WIDTH 
adi features of Fig. 5 require further explanation. It shows an average 
figure for Hoover Dam, extending over the period from 1935 to 1948. How- 
- ever, in about 1939 additional ‘grouting and drainage were performed at Hoover - 
Ain. Subsequent to to this treatment the intensity diagram has 
to have the form shown i in ‘Fig. 


ey pom effect. % ‘The form of the intensity diagram for Owyhee 


— it is to be noted with reference to Mr. Keener’s average curve i if the a 
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pcm eo condition had been omitted, the average would ha ve been closer 


s.7 and 8 indicate a high degree of effective 


R 


F RESERVO! 


© 
= 
uJ 
a 


— 


LEGEND 
—o— Grand Coulee 

Fond 
— 
DISTANCE IN PERCENT OF BASE WIDTH 


Pressure at Base or Severa, Dams 


seems to represent the lowest intensity condition for the eight listed dams. 
The Shasta is not in Mr. Keener’ 8 general average. As to 
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ESSURE 


» 


there are some crushed ‘zones. The curtain is 150 ft deep at the 
i mum section with drain holes 10 ft on center extending 50 ft into the rock at 


the maximum section and 10 ft atthe abutments. - j= 


Pressures i in Concrete Dams,” by Kenneth B. Keener, ASCE, Vol. 116, 1951, ‘ 


The uplift 
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Cale In 1 Figs. 5 8 and 7 the uplift sehatitdiies are stated i in terms of “reservoir head” 
er rather than “net head.” For these dams the effect of tailwater is not very 
significant, and the inaccuracy is not important. same can be said 


_ e. In Fig. 9 is shown a composite vat intensity profiles on four dams of the 


a TVA.* In these dams observation sections were established as shown in ; 


<7 


pel 


UPLIFT PRESSURES IN 


PERCENT OF R 


«al 


$5.06 


Full uplift 


a 


DISTANCE IN PERCENT OF BASE WIDTH 


| Norma To Axis. (Heavy LINE I8 THE 
maximum ones in the most recent | year. + Data on the character of foundation 
ik and on the drainage and cutoff provisions are given in Table _ | 


‘ace ie solid line as sh shown in Fig. 9 represents composite 1 readings of intensity 4 


P of pressure e actually n ‘made in the area of contact between concrete and founda- 


a _ tion or within the top 2 ft to 3 ft of foundation. Dotted lines are shown from q : 


Discussion by M. Riegel of “Uplift Pressures i in Concrete Dams, by Kenneth B. Keener Trane 
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DAMS 


composite press e line to a the mean position of 
outlets in a gallery. In the four dams there is perceptible flow from ~~ 

a 90% of the he holes and in the remainder water stands at some level below the | aa 

= gallery floor. Although the drain holes do not fall exactly on = 14 measuring coke 


the view that the pres sure gradi- TABLE 2.— —Data on Rote: TVA Dam 


ent in the composite is no higher 


than the outlet of the drains = = |Maximum|Number of 
‘in the gallery floor, and 


ent corresponding to this view. 
q 


ation in the measurements as 
the total of 14, in no section is any measured ‘a 
the assumed design gradient, as checked by the effect on the e overturning % 
moment. (This statement is on the authority of the Chairman, member 
g the staff of the TVA.) This diagram is furnished through the ere. a 


“on of the USBR dams. On the other hand, discussion by 

“of this Subcommittee with the Bureau of Reclamation engineers has indicated 

that the accuracy of Bureau measurements has probably been and 

that the TVA intensities m may have been slightly under-read. 

_ f, At Norris Dam (in Tennessee) of the TVA, drains were e provided atan 
average spacing 0 of 34 ft. _ (This sahoment is on the authority o of the Chairman. 


_ Both Norris and Wheeler dams are ate 
“7 As to dams with neither grouting nor drainage there are cited 
only two instances of measured uplift intensity, for example, the Oester Dam — ai: 
in Germany and Holtwood Dam on the Susquehanna River. Data as ‘to meas- 
urements are given in Figs. 3 and 11, respectively. As to foundation condi- EP 
. tions at Oester, little is known, but those at Holtwood are described in Section _ 
Im. _ ‘There i is so little resemblance in these records that no important “seit 
Table 1(c) shows the characteristics of foundations and 
yd to that i in Tables 1(a) and 1(6) for a large number of dams ee 
by the Corps of Engineers, United States Department of the Army. — ‘Un- 
fortunately, uplift intensity measurements do not appear to be av ailable to = 
accompany this information. —Itis evident that the three major public organi- 
gations engaged in the ednatriuptiias of dams practice the sy stematic drainage aor: 
foundations, at least i in recent ‘years, and presumably have fs faith i in its use- 
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MASONRY DAMS 


In drainage, it 1 may be noted ‘that in Fontana’ Die 
_ (in North Carolina) of the TVA a portion of the dam was provided with - 
_ secondary drainage gallery and drain holes at about the downstream third 
point, because the foundation conditions appeared to require this. The 
- Bureau of Reclamation has also used a secondary gallery at times. th 
arrangement may sometimes be advantageous in other proposed structures — ¥ aa 
the geological study s so indicates. It is also generally advisable to provide 


LINE OF DRAINS 


oof the becoming ineffective through deposits o on the s of the holes 
Ss in pores adjoining the holes must be recognized when active waters are cir- _ 
culating through | the Tocks. Regular inspection of the drained dams is is 
ry" When dams are constructed without drains but when grouted cutoffs are 
be relied upon to reduce uplift (as would be justified by the three pertinent ce 
_ cited), a gallery should be provided in 1 high dams in order to facilitate the 
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"MASONRY ‘DAMS 


of grout evidence should arise that the carta 


Crown of 696.0 Ps 


Monolith No. 17 
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20 Ft Diameter 
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In addition to the tabular and diagrammatic data presented, certain specific © 
ases of foundation uplift phenomena will be discussed (Sections 7j to 70) to } 
10w how exceptional conditions may affect the general question, or to supply — 
ata outside thescopeofthetabularinformation, 
j. Center Hill Dam (Tennessee).—This dam on Caney Fork, encom 
' bib of the Cumberland River, about 50 miles east of Nashville, Tenn., is a con- = 
crete gravity and earth-fill type for flood control, navigation, and the generation — 
ms) power—the cross section of the powerhouse section being s shown in Fig 10. an 
* The dam itself was completed i in December, 1949, including some foundation | 


be 
an observed increase in uplift pressure. if reservoir du 
in lekage, or a through the water of the reservoir, but, | str 
such grouting sould be do EN the Aifieultios of | Th 

are mu 3 | 

4 _Carter's (Lower) _ 
— 
h 
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om _ moderately downstream and toward the right abutment (that is, approximately 
due north) so that the impervious members are exposed in the reservoir up- 

stream from the dam but not in the iver valley downstream from the dam. 

. The foundation area thus overlies an artesian system several miles long. ie ¥ aS 
‘Specifically, a layer of bentonitic shale, approximately 18 in. thick, “aaa! is 
‘found in the exploration, lying about 40 ft below the base of the dam and es ag 
25 ft below the base of most of the p wow erhouse. ‘It was penetrated, how ever, EN 


the’ foundation and adjacent to the upstream the dam; 
gallery is continuous through the concrete structure. Curtain grouting was 
performed from this gallery for a depth of 100 ft below the base | of the edam 
and approximately 35 ft below the bentonitic shale. Relief drain holes were 
then drilled to a depth of 35 ft below the base of the dam and 10 ft above the 
During the winter and spring of 1948 and 1949, and prior to placing 
7 ‘appreciable weight of concrete in the draft tube excavation, the reservoir was 
oe filled to an elevation about 149 ft above tl the base of t of the dam and 189 ft above 
bottom of the draft tube excavation. was noted during this» period 
Ms that there was some upward movement of the rock in the zone of deep ex- 
; -cavation: for the draft | tube, and a system of checks was set up to follow ‘this 
movement and determine the cause. ‘During the late | spring the —— 
was drawn down to a level approximately 100 ft above the base of the dam 
_ when it was noted that the zone in which there had been n upward movement o 
- then settled with reasonably close relationship to the lower elevation of the 
a aut After further checks it was decided in the ensuing fall to drill test holes — 
under the dam gallery and powerhouse art area to discover whether or not there Bf a 
= any water bearing or pressure zones in the foundation rock at lower es y 


be 


tet holes initially had a enee pressure at top of the hole of 47 lb per eq i in. in the | - 

dam gallery upstream from the power intake section, and. 42 Ib per ‘sq in. eon 

~s top of aa hole in the powerhouse area where upward movement had been at 


Tt was thee decided to drill additional drain holes on 20-ft centers in the _ + 


_ dam gallery through the bentonitic shale to a level 20 ft above the bottom ne. 
_ of the grout curtain. In addition, about 30 holes were drilled in the power- 
house area, below the powerhouse, along. the cha 1annel s side of the powerhouse, 

at the downstream edge of the spillway bucket. holes first drilled 
initially had high flows and pressures; but both flow and pressure were rapidly : 

reduced with lapse of time and as other holes were drilled until all flow from — 


in ‘the dam gallery ceased and flow in the area was 
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_MASONRY ‘DAMS 
reduced to a amount for the usual reservoir It should be 
noted that the e foundation rock, which had risen, had settled ‘back again. bau! 


«Tt was the « opinion of consultants that the u upward ‘movement resulted from 
‘reservoir on the artesian system and that, on relief 


of these a artesian pressures, t the drain- 


would be negligible. It is to 
that at no water bearing 
pressure levels 1 were encountered i in ; 


“3 the concrete or in the foundation 


= rock above the bentonitic shale. 
§ The Center Hill example illustrate 
| importance of geological study. 
Chickamauga Dam (Tennes- 
see).—At the Chickamauga Dam of 
od the TVA there were several beds of 


bentonite i in the limestone formations 


Pe 


8 
7 


— Average Tailwater £1 114.00 


15 


but w ere broken somewhat by minor 


faults not far above the dam. ‘The 


gitar bentonite beds were 6 in. or less in 


§ thickness. During exploration art-_ 


esian flows in drill holes were 


aa, . 4 served when the holes penetrated the 


to that developed at Center Hill. 4 
= The bentonite also provided a floor 
= against solution effects and in this 


—2 € respect was very useful from the 


standpoint of construction. sys- 


tem of drain holes downstream of the 


tonite seams, was designed to mini- 


wom — mize uplift intensity under the struc- 


a | Owyhee Dam (Oregon).—With regard to the uplift diagram for Owyhee a 
Dam (Fig. 5), Mr. Keener has furnished the following comment: 


Mild 


“The uplift pressures a at Owyhee Dam may y be ascribed to nature 
a ot the foundation rock, a porphyritic or glassy rhyolite, full of joints and — 
2 fractures which are nearly vertical. v The innumerable joints and fissures © 

formed a widespread system of channels through which water could readily 
rs travel. Thus the drains were relatively effective only a short distance down- 


streams from their locations asmay' be esurmised fr from n the shape: of the he diagram.” 3 


Holtwood Dam —This dam (Fig: 11"), the Susque- 
: 4 hanna River, i is an overflow ogee spillway about 70 ft in height above the lowest s 


+» “Uplift Mensuremedts at Heltwood Dam,” by P. E. Civil Engineering, July, 1038, ‘447, i 
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The rock is granitic schist con- 
many quartz veins and occasional fault seams. grouting or drains 
age was provided. a The design assumed that pressure would vary from 50% 
a headwater to 50% of tailwater, applied | on the full area (A = =1, 
dam was constructed from 1906t0 1910. OF 


ig 1936, seventeen vertical holes were drilled | through the e dam, of which 
thirteen” penetrated the foundation rock. Observations of pressures. occur- 
ring at various levels were determined, making use of packers to isolate 5-ft 


sections of hole. The principal conclusions stated in the reference paper are = 
. The four holes drilled through to’ to rock next to the upstream face of the ae 
dam all showed substantial amounts of uplift at or near the ea 
= joint, varying from 51% to 84.57% of full head of forebay water — 
= ‘The average maxima of uplift measured at or below the foundation 
a of full headwater pressure, are as shown in | iy 
7% The maximum uplift measured (in any of the four holes next to = 
fi upstream face drilled through to rock) for any horizontal joint above _ 
the foundation joint is 72.7% of full headwater pressure at oe 
elevation. The average of four holes, however, is only 39. . 


he average maxima of uplift ‘measured for the 


ar are as ‘shown i in 110). ct 


it will be noted that were also made in the concrete of 


dam, , this being almost the only case found where intensity of u uplift was ac- 
n. Stewartville and Aguasabon Dams (Ontario, Canada) “The Review 
i of Research Activities of The Hydro-Electric Power Commission of Ontario 


for 1949,” there are diagrams of observed foundation pred for the a 
ville and Aguasabon dams of that organization (Fig. 12). The apparatus — 
for measurement was of the same type as that used by the ‘USBR and the 
_ TVA, as previously described. The observation points were in the inspection 
galleries, indicated on the diagrams. 
; :s These dams differ from those previously discussed in in that in both cases a 
there i is a continuous surface drain at the rock surface parallel to the axis of , 2 
_ the dam. Correspondence with the director of engineering of the bates >. 


mission, J. R. Montague, has furnished the following information: ees oe, ae 
__ Uplift ‘Measuring facilities have been provided for a number of the « com- “aM 
_Mission’s more recent structures including the dams at Stewartville, Aguasabon, 
_ Des Joachims, LaCave, Pine Portage, and Tunnel projects, all in Ontario. 
conditions at Stewartville and Aguasabon: may be representative ‘of the 
group. rock underlying: the Stewartville Dam is primarily -erystalline 
_ limestone. © Over a wide section of the foundation, steeply inclined faulting 
ad subsequent solution along the fault zones have greatly altered the rock. % 


against leakage a curtain was carried to a maximum depth 
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ft. ‘Ther maximum of the dam itself was 120 ft. Most 
of the leakage here, which was of small proportions, originated through “a 


lf “has a width of 15 in. and a minimum depth of 12 in. . At Stewartville the drain 
“_ leads directly to the powerhouse sump, the elevation of which is considerably 
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Fig. 12.—Ururrr Pressure Disrrisvtion For AGUASABON AND STEWARTVILLE 


lower than the tailrace. A by-pass to tibetins was also provided in case 


leakage should become excessive. _ At Aguasabon drainage is directly to the 
_ dow nstream . side. of the dam. In all cases the inspection tunnel and founda- — 


Be . tion drain are connected by a series of vertical 6-in. pipes spaced at from 20- ft 


¢ ic to 38- ft centers. These provide emergency relief in case of blockage of the 


7 =14 main drain and will facilitate drilling into the foundation rock should this be | 


% found desirable. ‘Uplift along horizontal construction joints is obviated by 

_ the provision of drains leading to the inspection tunnel. Similar drains inter- 

cept leakage in in the vertical construction joints. = 

st was considered that sufficient access to the drain was provided by the 
trebtakes and joints i in the rock and that relief would thus be provided against f 

oa a any excessive pr pressure which might build up back of the grout curtain. Mr 


4 
further states that any structure which might be placed on 
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stratified would be provided with vertical | wells to considerable 
depth to relieve uplift on the various strata affected. 
me o. Bartlett’s Ferry Dam (Georgia)—In a paper before the Hydraulics 
" Division, ASCE,”* some interesting data on uplift in this dam on the Chatta- 


7 bale Fig. 13. —Onrrarn au Cross: SECTION, Baruetr’s F Fenny Dam Wig ih 


hoochee River in Georgia. are given. The following information has been 


‘This dam (Fig. 13) was built in 1925, and was acquired by purchase es <a 


1929 by the Georgia Power Company, its present owner. The foundation | 


20 “Remedial Modifications to 25-Year-Old Bartlett’s Ferry Dam, Checked by Bydrautiq Models 
y E.8. and C. E. Kindsvater, ASCE (publication pending). 
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Power engineers came to believe that uplift pres- 
existed in the concrete above the rock. Accordingly, thirty-one 3-in. 

drain holes were drilled vertically at 20-ft centers. rs. These were intended to 
rch the foundation, but in fifteen of the holes water, in such large quantities 
eet _ and pressures, was encountered that these holes had to be stopped temporarily. 
—_ In eleven holes | ‘pressures | of 100% of reservoir head were measured in the 

gallery while in four others over 90% was measured. _ Jets from the pipes a 
_ rose to as much as 59 in. above the galley floor in one hole, sien which the flow 


_ The fifteen holes were then grouted, about 560 sacks of cement being ‘used, 


- 9 due to pressure intensity i in the foundation . The pertinence of this information 7 

a to the present discussion is that foundation uplift was in this case much less _ 

i ¢ important than that in the concrete. The dam has been redesigned with the — i 
= “os following assumption: Uplift pressure at any horizontal plane, to vary i 3 
a i _ 50% of full headwater to 0%, or tailwater, and to be applied to 100% of the - 
am base area. To secure satisfactory stability, a large buttress was constructed — 

nstream of each spillws ay pier, and secured to the spillway structure. 


~The of uplift intensity available to the have 


recorded as or small flows. These conditions may ‘be 1 


a. The assumption made by the TVA engineers for the four drained dams 
ae _ cited is indicated in Fig. 9, in connection with the observations of intensity 
in the foundation. — This assumption is based on an effective grout curtain, 

_ which will shut off the more p permeable strata an and, in case of uniformity in . 
Pm underlying formations, will have a depth equal to about one third of the head 

on the dam. — Dow nstream of the cutoff at a distance from the heel about. 
A; 10% to 15% of the v width of base of the dam, drain holes are provided at 2 } 
«spacing of not more than 10 ft, and of a depth materially less than that of wath ¥ 

grout curtain. . In other words, the uplift assumption may be stated as follows: 
a The intensity of pressure at the line of drains should exceed the maximum - 
tailwater pressure by 50% of the difference between maximum headwater 
and maximum tailwater, the gradient then extending to headwater and | tail- 
< water, respectively, i in straight lines. If there be no tailwater, as in the case’ 
of abutment sections of high dams, the downstream end of a similar diagram 
should be located at the surface of foundation rock. The area factor was 
as two thirds, except for Dam where it. was l 


late wt 


further Fig. 9, line designated ‘ 


— = assumption is shown in the figure. Mr. Harrison advises by letter that — -, & 
assumed intensity was applied over 100% of the area, and that the longi- hi 
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at the time pon were made, i is to show 
- how the field observations compare with an uplift: diagram of the type sug- ie 
= gested. _ The true design diagram is based on the maximum tailwater and head- 
Zz water to be expected under design flood conditions, for which condition, of ae 
course, there are no field observations. It is difficult to express the « composite 
of the design flood conditions. The essential purpose of the diagram is to - 4 
show the effectiveness of the drainage system. pry fis 
A similar treatment of intensity has been favored by other e engineers than 
~ those of the TVA. | The Owyhee Dam of the USBR was designed on a simi- | 
dar intensity assumption, combined with the 100% area assumption. . This 
7 7 ‘treatment has the advantage that the gradient. assumed for design i is similar i in 
form to the actual gradients noted in the TVA and USBR observations. — 
fe Inasmuch > as the designer’s judgment must determine the inten 
a factor, he may prefer, for simplicity, to assume the intensity factor J in terms FS 
£8 of a straight-line variation, as shown in Fig. 3. There is no reasonable + - 


fe jection to such a procedure. For a discussion of some suggested values of 
factor, reference may be made to a previously cited work. 
Mr. Keener’s paper* all the Bureau of Reclamation dams ‘discussed 
are stated to be grouted and drained. The uplift intensity assumption as- ‘ 
4 ei sumed in design in all cases discussed (except Owyhee Dam) was that fa — 
on straight gradient from headwater to tailwater, herein | designated : as a 100%. 
a . = that is, J = 1.00 int 1). - In all cases except Owyhee the area factor a 


factor (I = 1) is “decidedly if an 
factor A of 1.00 be assumed, and that the intensity factor of the TVA diggram 
would be t substantially supported by the USBR data. 
The depth of the grouted cutoff 1 near the! heel of concrete dams 
7 by the Corps of Engineers i is s governed by foundation conditions that | may £4 : 
affect seepage of water out of the reservoir. The depth of this cutoff ‘dears 
no direct relation to the height of the dam. d If i impervious strata are available — ea 
at reasonable depths, the cutoff grouting is carried to the i — strata, 
- Drain holes downstream from the grout holes are generally carried ean. ¥ 
80% of the —_ of the grout holes. — The grout and drain holes are erly : 
drilled 
om a In the past 1 the uplift was assumed as reservoir head at the upstream face, _ 


varying uniformly to ‘tailwater head at the downstream face, applied to 


i) 
| 


reservoir head at the ‘ying uniformly to tailwater head 
at the downstream face, applied to the entire base area - Results obteined — 


_ from these two uplift criteria are not materially different except i in the case « of ae 


Discussion by William P. Creager of Significance of Pore Pressure in Hydraulic Structures,” 
Harza, Transactions, ASCE, Vol. 114, 1949, p. 215. bad 
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unusually depth, as in in Section 3 3. Btatement of of B. 
Steele, A. M. ASCE, ‘member of the Subcommittee. bilan 
7 __ d. If drainage be omitted and reliance for the reduction of uplift be as 
Pe, only on on the grouted cutoff, the available ey evidence is shown in Fig. 4, ‘This — 
. shows a pattern of intensity favoring an assumption of less than 1.0 for 3 j 
hn > the intensity factor 7, but not so favorable as the USBR and TVA diagrams. 4 
a7 * ae Inasmuch as the undrained group comprise only three structures (as com- 
pared with twelve structures in the drained classification), a more cons 
ves vative attitude toward this condition would seem to be required, that is, 


. The designer’s judgment 
determine the proper assumption. of flow nets would be valuable 
ay in this connection. Those who would install drains but take no credit for 
aot 9 their presence can still logically assume an intensity factor materially less’ 
1.0 if they use the grouted cutoff. aworls ROTI ie 
_ @. It may possibly be established by the geological exploration that the a 
downstream portion of the dam r rests on relatively tight strata whereas the 
upstream ‘portion | is founded upon relatively « open structure. None of 
ms 4 examples cited herein is known to be in this category. For such a founde- 
an tion, the uplift pressure is likely to equal reservoir pressure at the ‘upstream — 
ws ia face, to decrease slowly through the porous foundation, and to decrease a ? 
_ through the tight portion. This would result in an uplift intensity greater — 
than 1.0. Special foundation treatment methods might justify a reduction 
: _ f. As to dams built without any cutoff grouting or drainage provisions, — 
“the following comments appear t to be it in order: ai ; 


It appear that a 100% intensity factor "should be applied. 


= However, if foundation conditions are 80 unfavorable as to seem to justify 
, of the 


appropriate factor’ of intensity determined. T hess provisions apply a 7 
ola (2) In minor structures it 1 may be more re economical to increase the intensity — 
factor. (and, the dam section) rather than undertake the 


- drains or other openings which would provide shortened paths of seepage. — 

‘They consistently employ an intensity factor of 1. 0, even though the founda- 

or tion be grouted. Such procedure is, of course, it in accordance with their best © 
but usually American enginests, including most of tats: Subcom 
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Care should be taken to determine the maximum possible tailwater 
conditions, as they may be affected by ice jams or similar occurrences. __ 
— 
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MASONRY DAMS 
ti 9. Desien or Dam Asove FounpaTION 
The dimensions of the dam will be determined by the uplift 
in the foundation. If drainage of the foundation be adopted, similar 
equivalent provisions for relief of uplift or pore pressure may then properly Pes 
be made i in the dam itself. _ This may be done by wells similar in spacing to 


open ‘contraction. joints, by horizontal 


The question of uplift in concrete is not in this although 
me e pertinent data thereon have been given. Certain by the 


presented. design assumptions are the responsibility of the 
few conclusions or recommendations ‘appear be 
be warranted, although they should ate taken as “eodifying” design procedures. 


a. The Subcommittee finds it inadvisable to recommend definite, or even 


nimum, values for the intensity factor I. The circumstances peculiar to 12M 

project must guide the designer in ‘making the | proper assumption. 
; Pea own experience will be a factor in his judgment. The structural and geological — & 
_ characteristics of foundation rock are of fundamental importance, as evidenced — 
by: the case histories cited. The treatment of the foundation rock, as by cutoff as 

routing only, or by grouting combined with drainage, is equally important. _ 

ss precedents and measurements cited in this report should be considered. _ <x 
ae be Most of the Subcommittee join in the conclusion that, for the design of ee 

new structures, it is advisable t to assume an area factor of 1.0, for the reasons ‘soe 


importance. In the « opinion of this if there is not ade- ae 
quate: assurance that drains will be inspected and maintained, no credit 
for their performance should assumed in ‘design . Where the dams: in 


oe engineering staffs, it would appear that these organizations will automatically ‘ 
such” maintenance. Such are the _USBR, the 


which "may "issue charters or licenses, which 

_ may have the responsibility for approving plans for constructi 01 
be that such inspections are systematically made, either by th aninis 

= _ d. In a dam which is large enough to permit tl the installation it is advanta- 

i acre geous to ba sain an inspection gallery or galleries close to the fou undation, whether or 


* 
4 
— 
4 of lift joints, or by other e 
lift effects occur in the dam structure than occur in the foundation. Thesame 
| ___ precautions as to location of drainage wells and ability to clean or supplement — ~~ 
| — 
a | _—s ject. and tobe fruitful material for any futurecommittee study.  # § 
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or or uplift has been because of inadequate present in in- : 


formation , it is recommended that a new committee or subcommittee be 
constituted to study and report: upon this phase of t the uplift question. 


ae in its conclusions. It cannot be made so in view of the lack of conclusive _ 
data i in certain directions and in view of the fact that reliance for design as- 
‘sumptions must rest 1 upon individual additional 


include the 


net strestures, including both those having provision for relief of nab Pressures 


s of permeability of the concrete in such. ‘isbn 
Similar determinations for foundation rocks, as and when feasible. 
of effective area in structures and foundations, ‘if found 


“We 


This report will not be sa satisfactory to those looking for finality 


of the intensity of “uplift in their 


foundations, particularly in those of considerable age. _ The methods employed oe “ 


lie accumulation of such data requires much time and considerable money, a . 


i but i it may be be hoped that in the course of some years data will be accumulated. aa 


The public ¢ ‘organizations, as, such as the USBR, the Corps. of Engineers, and a 


5 TVA, have been trying, and may be expected to continue sad Pe to a. 
aecumulate data. The owners of other dams, particularly those of light 


section, should be interested in answers to point ‘ “e, ” As and. such 
a oF _ information becomes available to an important extent, this report should s, 
be supplemented | to the 1 results. a Meanw! nee, the 


= 


Subcommittee on Uplift in Masonry Da 


ubmitted individual comments, aaasl Appendices. Mr. Wiggin did not sign the report. 
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— 448 MASONRY DAMS” 
or not it be used for drainage. this gallery it is ad ; 
measuring foundation uplift. Should unduly high 
‘With the presentation of this report, the present Subcommittee should __ 
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DAMS 


pressure area (conclusion 106). In some conditions, where the 


rock i is encountered with vertical or r close to vertical ‘there 
is no justification for assuming a 100% area. 
— +e After all, the 100% area theory i is based on pure speculation which, in t 
writer’s opinion, ‘is contrary to the available evidence. There is no use 


_ increasing ar' arbitrarily the cross section of a dam if that does not contribute to 


B. SupPLEMENTARY STATEMENT BY Byram y STEELE 


_ The writer concurred in Section 106 because there is no other logical method , 

Pip a of preparing : a structural analysis « of a section of a gravity dam except to sone ; 
a 100% area and then apply to this area an intensity factor obtained from a 
a thorough analysis of the geology and foundation conditions obtained at the 
= ~ dam site in question. ‘Uplift i is a force that must be recognized as a potential 
hazard in any water retaining srnetnre and hence, ae be provided for in 
is that there will be differences of opinion among designers 
relative to the shape of the uplift intensity curve proposed for any design. 
‘It should be equally obvious in the case of Center Hill Dam cited herein that - 
ae curve in the form of a — line between the headwater and the tailwater, 


‘to the system n of drainage, designed and built as a part of the ase 
= ‘program, natural drainage through cracks and crevices in the rock and phate ot 
construction joints in the concrete constitute important factors in molding 
Horizontally stratified rocks are potential sources of high uplift intensity 
unless relieved by proper and thorough drainage, whereas igneous rocks and 
columnar basalts provide a degree of drainage that is too often improperly © 
a evaluated i in assuming an uplift \ value to use in the design of a dam with <4 


th Aprenpix C. Mn MINoritTy Report H. 
The report of the is a monument to the arduous labors, 
engineering knowledge, and experience of Chairman Riegel and it contains a 
_~ valuable data and sound engineering opinion on uplift and related 
questions. Nevertheless, the writer, after much thought, refrained from s sign- 
ing the report because such signing would seem te indicate his belief that Kite 


+> 


| 
— 
Be 
— 
— 
— 
— 
— 
a actually developed was 100% of reservoir head over 100% of area. Foolproof Pe aie | oo 
| ‘drainage will cost only a fraction of what the assumption of full uplift costs. 
ignore drainage is to ignore an economic factor that is not in keeping 
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=a el problem of uplift i in masonry iti was now solved and and the the Society could al: 
it and | pass on to other u unsolved matters. 
‘The writer was in favor of calling the report a progress report and of having 
4 the Subcommittee, after infusion of some younger blood, continue its its studies : and = 
particularly extend them to the behavior of typical older dams which, with 4 
e smaller base widths and without aid of grouted cutoffs or artificial drainage, 
to ‘stand without apparent distress. one’ 8 scientific conclusions a 
appear not to s square with human experience, ‘it seems s always | safe to ¢ carry the 


Ba Only three failures of masonry dams in the ‘United States are generally 4 

% mentioned as worthy of note and in each case foundation conditions were 
flagrantly bad and seemed sufficiently so to account for the failures. ‘The 
dam at Austin (Pa.) which failed was not only on a poor foundation but had q ‘ 


eS The writer actively advocated the formation of an ASCE committee on I 


ane 


_ thirty years ago, again somewhat later when he was a member of the Society’ 8 
Research Committee, and, finally, at the Chattanooga meeting in 1939 when 
a he made two accepted motions for committees on uplift and ice pressure. __ aa i 
oe any Lest the impression should be gained that the writer is in favor « of skimpy = 
a dam sections, he would add that early in his technical schooling he noted what . 
‘ was apparently an inconsistency between factors of safety for framed structures a . 


a 


the factor of safety in a ecmaliledeidle’ number of older dams and is still fre- a 
_ quently so engaged, sometimes by use of prestressed steel rods with specially — 4 
designed | anchorages. Provisions for factors of ‘safety can never be — 
satisfactory, however, until the forces involved are more surely known. 
_ It may be remarked, incidentally, that most dams in regions of cold winters 
: * would be rocked forward on their foundations or rocked at some upper joint a 
7 if anything like the 30,000 or 40, 000 Ib per lin ft generally considered proper 
_ for ice pressure for monumental dams were actually developed. This state- — 
= may be considered as | irrelevant to uplift pressure, but ‘the writer has 
- always associated the two | problems of uplift and ice pressure and has long 
_ been disturbed that the national civil engineering society has in a century 
produced no complete and convincing answer as to the forces to be withstood — 
by so important and potentially dangerous a type of structure as the gravity B 
masonry dam. It may be added that the situation with respect to spillway 
aa : provisions is in a similar state of uncertainty as between the provisions ordi. 
= narily made and the eed provisions made in recent years where 
_ The main conclusions of the report are that substantially 1 100% | of the areas 
. 4 of foundation and joints receive uplift pressure, that the intensity of such 
pressure | can be reduced ‘materially below a a straight pressure grade line 
- headwater level to tailwater level by grouting and drainage, but that such — 
drainage should not be relied on unless systematic inspection at proper intervals 
hag over the life of the dam can be guaranteed. (it may be noted in passing that 
there i isa + possibility that pressures might be above the straight line, although | 
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RS 
friction head from flow through a fine-grained medium, it 


wide buttress type of dam developed in Sweden with space between wr tain 
‘drainage to the uncovered surface of the ground ii is noted. Some 


7 joint. ¥ It is recognised in the noteworthy paper by Mr. Keener on tests ot 

-USBR dams that ‘such drill holes cover only a microscopic proportion of the 7 

foundation a area. At first glance, however, such tests would seem certainly 

7 be equal in probability to a Gallup poll. The possibility seems to exist, ‘ : 

however, that the drill holes, which extended 3 ft or more into the rock below _ 

Fh 3 3 the foundation joint, might pierce some minute passages in the rock not at # 
the base joint. Furthermore, why should a base joint behave differently Re 

x, from a construction joint in the masonry on which experiments were also 

tried by the USBR, as noted in the following paragraph. odw 

7 wae As to the pressure at construction joints in concrete , Mr. Keener ‘states . 
that no such pressure was found. This would seem to be contrary to the a = 
of the experiments by Mr. ' Terzaghi,  Leliavsky ‘Bey, and o others 


Se 


An interesting but unpublished paper (entitled “ 
Gonerete”) by Cc. Powers, manager of basic 1 research, Portland 
_ Association, treats of the microstructure of concrete and evolves the conclu- he aoe 
“sion that water permeates nearly but not quite the whole of concrete. How- — 
_ ever, he finds that the pressure is not disrupting but on the contrary is negative, 
“ qxsape where the concrete lies below a continuously existing water level © 
that water can soak back into the concrete and keep its water-demand satisfied. 
As the joints s under greatest stress are not unlikely to be below tailwater oe 
tion, this theory does not ean much comfort t with siti to aes he stability of | 
report mentions the adhesion of mortar joints as reason for the 
; stability of light, ungrouted, , and undrained dams. ‘The writer recalls that 
years ago the late Howard A. Carson, Hon. M. ASCE, made many i informative © rad 
_ pioneer tests on unreinforced concrete beams 6 in. by 6 in. in section and about 
—«*S ft long. _ A goodly number of these were further tested as follows: Halves of 
_ broken beams were put back in the forms and built o ut with fresh concrete ato 
The beams were 
- then vented with the joint in the middle and gave strengths near ly, and we 
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benefit of modern knowledge as to uplift pressures. 
Apart from such corroboration as may be drawn from certain ingenious lab- 
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Masonry 


some equal to » that of ‘the original 6-ft The which 


-- = these joints had would resist perhaps 400 ft of head without aid from weight. 7” 
hatever the shortcomings of the old old dam builders, most of them 
ss gareful with joints so that doubtless mat many of the older dams profit greatly 


sary. Bottom joints however are seldom uncovered. _ They are better pro- 
tected from the effects of leakage and do not suffer from frost action. Leaks 
in joints or elsewhere tend to enlarge by solution of the cement but fortu- 
ie nately the areas of joint affected are generally small in proportion to the whole, — 
although sometimes a stalagmitic surface will be formed over the whole of the _ 
lower part of the downstream face of an older dam svete wl he 
leakage higher up. Grouting cannot hope to restore strength of adhesion a 
‘ si to the original strength of a well-made mortar or construction joint. 
_ The writer is conscious of the inadequacy of this presentation, touching as 2 i 
ie = it does on so few of the pertinent papers on the subject. He is, however, firmly “ 
one i of the opinion that the Society should press for further fundamental research — 

as to uplift pressure, including investigations of typical older dams. Those 
eS om who have conceived and carried out the tests considered in the Subcommittee’s 
= = report are deserving of every commendation and Chairman Riegel likewise, -= 


a 


only for his share in the TVA tests but for his arduous labor in » assembling — 
bs the test data and putting so much information potnent to uplift in form for 4 


dag 


a 
strong stone break under the force of steel wedges, leaving the mortar intact; 
ao r but the reverse is more often true and repointing and grouting are often neces- > aaa 
Ve 
4 
7 
— 
— 
— 
= 
— 


F I IL BNC INEERS 
AMERICAN SOCIETY OF CIV 


SPECIFICATIONS FOR HEAVY DUTY 
FOR 
STRUCTURES OF HIGH- STRENGTH 
FINAL REPORT OF THE COMMITTEE OF THE 


reat oti. 


These cover allowable arenes, and fabticition 


- procedures for riveted heavy duty structures built of the high-strength = 


minum alloy known commercially as 148-T6. ‘The basic 


cover the allowable the design rules, 
_ the fabrication procedures for structures s built of the high-strength aluminum | 
alloy most commonly used for heavy duty structural purposes. 

4 preparation of these specifications the Committee has made use of the 
‘ available theoretical ‘and experimental work relating to this subject and — 

; especially to previous specifications by O. H. Ammann, Shortridge Hardesty, _ 
and the late Leon S. Moisseiff| Members, ASCE. 
"These specifications are confined to allowable stresses, design rules, and 

 Seneetee. No attempt has been made to cover the loading, erection, in- 


every detail of construction but rather those which are different from ss 
a practice or which are needed for the sake of completeness. It is intended, - 
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ALUMINUM SPECIFICATIONS 
ae course, that structures built under these BAAS will be designed, con ey 4 


structed, and erected by following the current good ‘practice already” well a a 


| 


established for steel structures, except as modified herein. 
pr principal ‘material considered in these specifications is a high-str strength 
4 


aluminum alloy having the the following nominal chemical composition: betar ‘Wwheattey! 


: a his material is covered by the American Society for Testing Materials (. 4STM) 


Specifications Nos. B221-49T(CS414), B235-50T(CS41 A), , B211-49T(CS41A), 
1 B247-50T(CS41A), and B209-50T (Clad CS41A). It is produced by several 
zr manufacturers under the commercial designation 148-T6 ‘and is available in og 
the form of shapes, tubes, rods, bars, and forgings. ‘It is also produced in 
, the: form of sheet and plate covered on both surfaces with an integral coating, ‘i a ' 
“a or “cladding,’”’ of a corrosion-resistant aluminum alloy. In the latter form it | _ 


is identified commercially byt the designations, ‘Alclad 14S-T6 and R-301, 


all these | products an are given a solution heat treatment and a precipitation heat sz 


ee : The specified mi minimum tensile properties of this material a1 are not the same 
in all the various products (plate, shapes, etc. ). The specified : minimum tensile 
; strengths vary from 60 kips per sq in. to 68 kips per sq in., and the specified g 
: oe minimum yield strengths vary from 53 kips per sq in. to ‘58 kips per sq in. 
€ The following : are the lowest of the various specified minimum properties and | 
have been used as a basis for the selection: of allowable in 


Ina addition to the specified 1 minimum tensile p properties, the engineer will 


eat interested in some of the other mechanical properties not covered by specifica- _ ‘ 
tions, ‘The following are typical mechanical properties of this alloy ond 
may be considered applicable to ‘ ‘nonclad” products, such as shapes, and to 


Hoh Modulus of elasticity in tension and compression, in kips per — 


Modulus of elasticity i in shear, j in kips per square inch, 

Coefficient of expansion per degree ‘Fabrenheit. ‘ 000012 
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| (The foregoing value of ron strength is typical as determined with steel a 
a tools. The value determined by torsion tests is greater.) ne 
«Fig. 1 shows tensile and compressive stress-strain, curves | and the 
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= and the one to which the allowable stresses for parts other than | = 
rivets and bolts apply. However, these specifications may be applied to 


structures built of other suitable aluminum alloys, provided such alloys meet 


specified strengths and. elongations the ASTM specifications 


specifications ‘shall be of sluminum alloy ‘and ‘may either ‘cold driven or 
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The alloys used ar are indicated in Table 1. Supplementary 
a on riveting was published? by E. C. Hartmann, M. ASCE, G. eos 
Hoglund, and M. A. Miller in 1944. 
oe Permanent bolts used in structures designed in accordance with these 4 


"specifications shall be of the aluminum alloy known ‘commercially | as 24S-T4. 
Such bolts have a specified minimum 1 ultimate shear strength of 37 kips per 


before ___before driving r ad after driving 


618-T4 Hot, 990° F to 1,050 618-T43 


oR 


= 
Typical ‘ultima tes shear st trength of the ‘driven rivet, per equare inch. 


th of the per squar 
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igs Fig. 2. vor AXIALLY CoLuMNs (Gross Becriom) 


They cannot be welded without a “considerable loss in strength. 
Structures. designed under these shall be assembled by riveting 


“Joining Aluminum Alloys,” by E. C. Hartmann, G. O. Hoglund, and M. ve Miller, Steel, 
p. &4. 


— 
— 
> 
— 
— 
| 
— 
— 

— an rt _-% 
— 
— 
— 
| 
— 
— 


PECIFICATIONS 
Se PART IL, SPECIFICATIONS 
A. SuMMaRY oF ALLOWABLE STRESSES hunt 
The rare stresses to be used i in proportioning the parts of a structure 
tension, net section (see Specification H-4). 22 
Tension in shapes, irders, an anc | 


3 Axial compression Section 
ag At Compression in extreme fibers of girders, rain 
built-up members to bending (see Section 


— 


Tables 4 and 5).......... 
A 9 e Shear in aluminum alloy eee rivets, driven at tem-— 


"Shear in pins. .... 

Bearing on hot-driven or cold-driven rivets, ‘milled 

te stiffeners, turned bolts in ales, and other 


Allowable Compressive Stress i in Columns.—The allowable compressive 


stress on the gross section of axially loaded columns shall be determined from 


curves in Fig. Let k be a end restraint. 


ended a and | fixed-ended columns, also shown in in Fig. 2, may y be us used as a guide 
‘in the selection of allowable compressive stresses for those cases in which the 
degree of end restraint is known to be different from that represented by = 
75. It is important, however, that no allowable stresses higher than 
those given for the case of k = = 0.75 be used in actual design unless a detailed wae 
analysis of the structure demonstrates convincingly that a value of k smaller — 
0.75 is justified for or the member i in question. 
having cross sections involving webs and outstanding» legs of 
~ such proportions that local buckling may control the design shall be checked 
bythe method outlined in Section 
Mazimum Slenderness Ratio. —The ratio of unsupported length to 


radius of gyration for shall we 198. 
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ALUMINUM "SPECIFICATIONS 


Connections.- —Compression shall bes 
main elements of the section will be connected directly na Ge = plates, 
Boh . Compression Splices. —Members designed for “if, 


‘true to place. The splice shall be as near a panel point as practicable and ns 


shall be designed to transmit at ress 
Members not faced for bearing shall be fully spliced for the com- 
puted stress. In either case, adequate provision shall be made for trans- 
Bb. . Stay Plates—On the open sides of compression | members, the 
oD saan shall be connected by lacing bars, and there shall be stay plates as near Pa 
each end as practicable. There shall be stay plates at intermediate points 
a 2M where the lacing is interrupted. — In main members the length of the end stay 
a _ plates shall not be less than one and one-fourth times the distance between — 
Po Tivet lines. The thickness of stay plates shall not be le be less than one fortieth of 
the e distance between rivet lines. edow has eotole tat - 
Diagonal Lacing —The slenderness ratio of the part of the. flange 
By ah. between the lacing bar connections shall be ‘not 1 more than two thirds of t 


; ore tin stress (compression) which may be permitted at or near the center of 
length, in addition to uniform compression, _P/A, equals 


‘a in which (a kips per square inch): 


is ‘the compressive at stress on the cross section (A) of a 


3 fi is the compressive stress taken from Figs. 4, 5 or 6 for the compression — 
‘flange of a member when considered asa beam; 


loaded column tending to fail in the plane of the bending forces. 
by Buckling Normal to F Plane of Bending Forees.— 


Pa ‘maximum bending stress (compression) which may be permi 


> 


P 


a for bearing, shall be spliced c on four sides sufficiently to hold the abutting parts a 


the allowable cc compressive working stress for a member. considered s as ba 


of the unsupported length, in addition to the uniform 4 


‘ 
ed 
_ J 
aangile between the center |] 
the column shall be about 60° for single lacing and about 49° for double acing. a an 
an . in a member which carries bending moment in addition to uniform compression — | ia 
(as, for example, an eccentrically loaded column) shall be determined from one 
— 
4 
| 
| 
_ 
4 
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loaded column an tending to fail in direction normal to the of 


— 


In the equation for fon, is the slenderness ratio for a member asa 
column tending to fail in the plane | of the bending ee 
Transverse | Shoat in designing lacing or shear webs for 


but shall n not be taken less than 


Vis the maximum transverse rere on any we a 
in the outer eighth of the length at each | ond, in the direction of assumed © 
pending, in kips; - + i 
ris the radius of gyration, i in inches; _ 


is s the shear due to any loads on a column, in kien. 


values of fa, Jo, r, and the of 


-1.—The allowable compressive stress in the extreme fiber (gross section) 


i, subject t to bending, shall be determined from the curve in in Fig. 3. The terms 
used in Fig. 3 are defined as follows: bt 


is the laterally unsupported length of compression flange (clear 


between ‘supports at which the beam is prevented from lateral displacement), 


mae the section n modulus for the beam about t the axis normal to ha ae 


| 
> 
> 
q — 
— 
— 
a 
— 
— 
— 
— 
| 

— 
¢ 

uz’: 


« Ty is the moment of inertia for the beam about the a axis pal to the we 


 Jis the torsion factor, in inches‘; and anu 
the depth of b hes. thy 


In the case of beams having top and balan flanges. of different lateral stiffness, — 7 


“a. 1 should be e calculated as if both flanges were the same as the c compression ~ 


§ flange. - Values of the torsion factor J are published for many standard shapes.* 


wu E Jes OF 
: Talues of J for plates and shapes not negro may be daliabiitell by a assuming 


rectangle, both in inches. The value of J for a Sailt-ap member i is the sum of 
the individual values of J of the sections of which it is composed. ta Rial : 
= The: allowable stresses from Fig. 3 provide a safe margin against the lateral 
os “4 buckling type of failure. The outstanding compression flanges of the beams © 4 
- and girders should be checked for local buckling by the method od. outlined in a q 
Table 2 lists allowable stress from Fig. 3 and Section 
___D for various laterally unsupported lengths of a number of standard I-beams 2 


- H-beams. Table; 3 lists similar values for standard 


stiff in torsion compared with single-web girders of eit size, and 
hence, ki lateral buckling failures such as ¢ are considered i in ‘Fig. 3 do not occur =) 
in such girders. For double-web box girders it is necessary only to check for 
local eteterm of the flanges by the method outlined in Section allie 


“Alcoa Structural Handbook,’ Aluminum Co. of Pittsburgh, Pa., 1950, 87-112. 
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LLOWABLE CoMPRESSIVE STRESS FOR PLATES, Leas, AND 


an —For struts consisting a single a angle ora T-section, the compressive 
streas on n the gross area shall not exceed the sei given by the curves in Fig. 


4 or Fig. 2, whichever i is smaller. | 


2961 
‘TABLE 2.—ALLOWABLE -CoMPRESSIVE Srress BEAM FLANGES 


ror VARIOUS VALUES OF LATERALLY | UnsupportTep LENGTH 


“Procedure. —Maximum allowable bending moments are found by multiplying the allowable com-— 
goenive stresses (in kips per square inch) by the gross section modulus of the beam. The stress > 
the net section of the tension flange must also be kept within allowable limits. came ‘sep bkeete lads 


mod 


1.6 


any 

j 


POUND 


a 


{ow 


- 


ONONON ONNO 


im Oo im 


> 


08 


= 


> 
a: 
te 


2 
2 
2 
3 
3 
5 
6 


a4 
toto tbo 


NHAOON OOOOH 


Momo 


Wedd 


9.01 24.68 
12.45 |29.41 
11.31 |36.35 
17.78 |50.81 22.0 
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21.72 z | ‘15. | 
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21.32 5 

21.3¢ 192 | 177 
20.74 42 | 19.7¢ | 186 
20.7¢ ae 19.8° | 
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. These values are governed by local buckling (see Section D). All ¢ other values are determined from 
Fig. 3, Section C. 


D-2. —For compression members other than those consisting of a single, "a 
angle ora T-section, the following procedure shall be followed to provide asuit- 
able margin of safety against the weakening ‘effects of local buckling of flat 
the compreaaive stress fe on the fiat plate, leg, or web in 


= 
4 — 
| 
| 
= 
4 
s | 907 11738 | 218 
| 9.07 17.18 | | 21.1 | 18.7 150 | — 
19.09 | 218 | 212 | 185 | 132. 
10.68 22.75 | 218 | 212 | 189 | 
| 213 | 188 | 145 | 
|. 4 | 485 | 5.36 1s | 97 | 72 | —— 
4 6.63 | 9.53 13.1 | 10.6 | 
| «8.04 114.69 144 | 114 | 80 | 
| 6 «| 940 115.81 15.6 | 127 | 90 — 
1 «| 11.51 |28.23 16.7 | 13.7 | 
4 18:32. [30.28 172 | 148 | | 
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buckling. Th ust be within allowable limits a as defined in Sections 

ny —Find the limiting value of b/t corresponding to the stress, f., by the an s 

of Fig. 5 or Fig. | If the flat plate, leg, or web has a ratio of unsupported 

a width to thickness wal. exceeding this limiting value, local buckling is not a ex 

g problem and the full gross area of the plate, leg, or web may | be consider ~ a g 

TABLE 3.- —ALLowaBLe Compressive STRESS CHANNEL FLANGES 

Various VALUES OF ‘LATERALLY Unsurrortep Lenora 


Procedure. —Maxissum allowable bending moments are found by poulti g the compres- 

sive stresses (in kips per square inch) by the gross section modulus of the plying the he stress on the net 
geetion of the tension flange must also be kept within allowable limits. 


u 
i 
2 
¥ u 
= 2 | 64 | 96 128 | 160 | 192 | 256 | 352 | 480 ° 
193 | 132 | 84 | 62 | 49 | 41 | 31 22 | 16 
2.13 216 | 200 | 174 | 132 | 99 | 78 | 65 | 48 | 35 | 26 
1.90 214 192 | 123 76 | 55 | 44 | 36 | 27 | 20 | 14 : 
2.58 216° | 19.7 | 15.7 | 102 | 747] 59 | 49 | 36 | 26 | 20 _ - 
2.38 216¢ | 194 | 123 74 | 53 | 42 | 34 |] 28 | 18 | 13° 7 
4.09 21.7¢ | 202 | 174 | 129 | 95) 75 | 62 | 46 | 34 | 25 — 
2.91 215° | 197 | 129 | 74 | 52 | 41 | 33 | 24 | 18 | 130 
4.63 21.7¢ | 202 | 167 | 11.1— 80 63 | 52 | 39 | 28 | 20 
3.47 21.6" | 20.0 | 14.0 78 64] 41 | 34 | 25 | 18 | 13. 
6.13 21.7¢ | 204 | 175 | 125 + 90 | 70 | 58 | 43 | 31 | 22. - 
4.38 21.7¢ | 202 | 153 84 | 57 | 43 35 | 26 1.8 1.3 - 4 
6.99 21.7¢ | 205 | 175 | 122 | 87 | 67 | 55 | 41 | 29 | 21 at 
4.74 216¢ | 204 | 160 | 88 | 58 | 44 | 35 | 25 | 18 13 
8.90 21.7¢ | 208 | 181 | 137 | 97 | 74 62) 45 | 32 | 24 © 
5.43 21.6* | 206 | 166 93 | 61 | 45 | 36 | 25 | 18 | 13 | 
10.67 21.7 | 210 | 185 | 148 | 104 | 80 | 65 | 48 | 34 | 25 
7.63 21.6¢ | 210 | 179 | 113 | 72 | 52 | 41 | 29 | 20 | 14 © 
12.45 21.7¢ | 21.1 | 186 | 146 | 99 | 75 | 60 | 44 | 31 | 22 — 


as Thee values are governed by local buckling (see Section D). All other values are determined — 


c.—If the flat plate, leg, or web has a ratio of unsupported width to thickness 


than the limiting catia t found in step b, only a pert of its ‘unsupported 
x width shall be included i in computing its effective : > area. The part of the un 
_ supported width of any individual flat plate, leg, or web | which may be « con- 


 b, is that part of the unsupported width considered effective, in inches; tall 
bene b is the unsupported width, in inches; te 


ing idol is the compressive stress based on gross area . from m step (a), in kips per 
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_d.—Compute the compressive stress on the effective area. In the case 7 a 


ntl an axially | loaded column this is simply the axial load divided by t the total — 
> 2 _ effective area, , which, in turn, is simply the sum of the effective areas of the 
« - component parts. In the case of a beam or girder the compressive stress on the -: 
effective area ‘shall be determined as follows: Compute the compressive extreme 4 
fiber stress 8s fe for the gross section of the beam or - girder r and then multiply a oP, 


' 


PS PER SQ 


4 


I Es 
ie a) this value by the ratio of the gross compression flange area to the effective 
* compression flange area, , including in both flange areas not only the flange — 


a proper but also that part of the web 4 the outermost one sixth of the over-all * 


depthofthe beam orgirder, = 


@.—The compressive stress on the effective area computed in 
; _ step d shall no not exceed allowable limits as defined in Sections B and C 
a —Step ¢c provides a suitable factor of safety against the collapse of the — 
member as whole but does not necessarily provide complete protection 
against the local buckling of individual flat surfaces at the design load. W here — a > 


. local buckling at the design load cannot be tolerated because of appearance, or my 
for other reasons, | the > compressive str stress on the gross se section of the member — 


 ghall be less ss than 1.5 times the value g given in Fig. 5 or Fig. 6 for the Deatio 


| 
‘| 


7 given by the curves in Fig. 7. The values in Fig. 7 apply to the gross 3 area of 
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-—The allowable shear stress on flat webs ‘shall not ‘exceed the 


the web, but the shear on the net area shall not exceed 15 kips per sq in. 


7% 
DIMENSION OF PANEL, IN 
=SHORT DIMENSION OF PANEL, IN 
t= THICKNESS OF WEB, IN 


PER SQ 
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STRESS, KIPS 
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WIDTH -THICKNESS RATIO 


Fic. 7. Swear Stresses on Wess; Pagtia, Restraint AssuMED 
at Epoes or Paners (Gross SECTION) 


Section F. Puare Ginpen Destion 


F-1 Proportioning Plate Girders.—Plate girders shall be proportioned by 
the moment _ of inertia method, with the gross section used to determine the 


The stress on the net area of the tension flange shall be found by multiplying : 
the stress on the gross section by the ratio of the gross area of the tension 
flange: to the net area. In. determining this ratio the tension flange shall 
considered to consist of the flange angles and cover plates plus that part of the 
Ss included i in the outermost one sixth of the over-all height of the girder. “hue 


Allowable’ Flange Stress. —The : allowable “compressive stress in the 


7 “extreme fiber of plate girders shall be determined as outlined in Sections C 4 


and D. = The numerical v; value of the: term VB /8., used i in | Fig. : 3, is rarely less 
than one half of the width, in inches, of the compression flange for a plate girder. 
This fact is useful in preliminary design. 


Flange Cover Plates. - —Cover plates ‘shall extend far enough to 
allow at least two extra, rivets at each end of the plate beyond the theoretical _ 


i ale 
| 
— 


end, and the spacing. of the rivets in es remainder of of the plate shall | be such as 
to develop the required strength of the plate : at any section. 
Flange Rivets —The flanges of plate girders shall be connected to the 
web with enough r rivets to transmit the longitudinal shear at any point together | 
_ -F-5. Flange Splices.—It is preferable that flange angles be ‘spliced with a 
ee angles and that no two members | be spliced at the same cross section. EE hy rae 
on. F-6. - Allowable Web Stresses. —The | allowable shear stress in the webs of 
plate girders shall not exceed the values given by the curves in Fig. 7. The - 
eee stress in webs of plate girders at the toe of the com- 


_ Pression flange shall not exceed the v: values given by the curves i in Fig. 8. oe 


at 


GIRDER WITH NO |_| 
HORIZONTAL STIFFENER] | |_| 


dup 


LonerrupiInaL Compressive Stresses FoR Wess oF GIRDERS 


P-1. Web por is preferable that splices in the webs plate 


= 


be made with splice plates on both sides of the web. 
_F-8. Spacing of Vertical Stiffeners to Resist Shear Buckling. —The distance, q 
; ll s, between vertical stiffeners shall not exceed the values given by the solid curves ‘* 
ae Fig. 9, which are replots of the curves in Fig. 7. _ The maximum value of | a 
‘9 the ratio of stiffener spacing to height of web, s/h, in Fig. 9 shall be determined _ ne 
fin from the ratio of cle clear height t to thickness, h/t, , and the computed shear stress” ss 
 — on the girder web. _ Where a stiffener is composed of a pair of ‘members, ‘one 
fe on each side of the web, the distance s shall be the clear distance between the 
stiffeners. Where a stiffener is composed of a member-on one side of 
web only, the distance s shall be the distance between rivet, lines. In deter-— 
‘maining the spacing of vertical tenes to resist shear buckling in pi 
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Liegg containing a , horizontal stiffener located as shown i in Fig. 8 8, th 
os Fig. 9 may be taken as 90% of the clear height between flanges. a rt 
py ‘Size of Vertical Stiffeners to Resist Shear Bucl: ling. —Stiffeners epplied 
a: bus to plate alsiles webs to resist shear buckling shall have a moment of woke 


hear stress on the girder web. | 
KIPS ‘PER so 
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> 
an 
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be 
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TO CLEAR HEIGHT OF 


INS 
SSS: 


xe 


‘moment of inertia shall be taken about the line of the web. 
_ stiffener composed of a member on one side only, the moment of inertia shall 
of be taken about ' the face of the web | in contact with the stiffener. In deter- 


a full clear height between flanges, beri of whether or not a horisontel 


F-10. Vertical Stiffeners at Points s of Bearing. —Stiffeners shall be placed 

; * pairs at end bearings of plate girders 2 and at points of bearing of concentrated x: = 
loads. They shall be connected to the web by enough rivets to transmit — ee 
load. ” Such stiffeners shall have a close bearing against the loaded flanges. — 


Only ‘that part ¢ of the stiffener “cross § section which lies outside the fillet of — 
flange angle shall be considered effective in bearing, 
: The moment of ‘inertia. of the stiffener shall not be les less than that 


A 
— 
4 
: ae value of the ratio of the stiffener moment of inertia to the fourth power of the ne ‘ As a 
web thickness, J,/t, in Fig. 9, shall be determined from the ratio of height of 
to thickness of web, h/t, and the con 
20 
— 
— 
— 
| 
4 
. 
— 
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‘inertia, i in to the fourth power, , required to 
local load concentration on the: stiffener, i in kips; sand the 

is the clear height of the web between flanges, in inches. sues Tal 
Horizontal Stiffeners.— —A horizontal stiffener of the type shown in ven 
«Fig. 8 shall have a moment of mertio not less than that given by the eae Bhs fi 

fth | (16 + y+ 6| 40" 


= 


Si is the; compressive stress at the toe of the flange angles, in VSR square 
is the thickness of the 1 web, in inches; 
is the clear height of the web habecent flanges, i in inches; “os 
s is the distance between vertical stiffeners, in inches; 


s 
A, is the area of cross section of the horizontal : in equar 


>. 


: Boe rar a a stiffener re of members of equal s size on both sides of the web, 
the moment of inertia shall be taken about the center line of the web. In worl se 


area, As the stiffener are is convenient ent assume 


G. _ Riverep anp ConNECTIONS oda 


G-1. |, Allowable Reads: —The | allowable loads on rivets and bolts shall | be 
- ealeulated using the allowable shear and bearing stresses listed in Section - 


Coe a.—If s ot or a bolt i d in relatively thin plates or shapes the allowable 

ue a rive 8 use e y plates or shapes the allowable — 


shear stress shall ll be 1 reduced in accordance with the information ‘given: 


the distance the center of a rivet or bolt to the edge of a plate 


. he 4 or shape toward which the pressure of the rivet or bolt i is directed is less than r 
twice the diameter of the rivet or bolt, the allowable bearing stress be 


bearing stress, 
in kips per square 


— 
q 
— 
on 
— 
— 
— he web in contact with the stiffener. = 
— ll be taken about the face of the w | oa 
ar 
san 
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E fective Diameter. —The effective shall be as 

2 <f, hole diameter but shall not exceed the values of hole diameter given in — 
‘Table 5 for cold- -driven rivets and in Table 6 for hot-driven rivets. The 
effective diameter of pins and bolts shall be the nominal ars of the call 


Bearing Area.—The effective bearing area of Pins, bolts, and rivets 


3 for countersunk rivets, half of the depth of Ge asses shall be ne 


TABLE 4.—PERCENTAGE IN SHEAR STRENGTH 


Loss IN: 


Single Double | t : Single Double 


> 


a 


2.2 
2.3 
2.4 
2.5 
2.6 
2.7 
2.8 


| 


* Ratio of the rivet diameter, D, to the plate thickness, ¢ t. The thickness used is that of the thinnest plate 
_ in a single shear joint or of the middle pote in a double shear joint. ° The > percentage | loss of strength in 
_ single shear is zero for D/t less than 3.0 a 


G-4. and Strength of Connections. —Connections shall 


arranged to minimize the eccentricity of loading on the member, Members — 


connections shall be proportioned to take into account at any eccentricity 


G-5. ‘et Section. —The net section of a giveted tension member is the sum 


a of the net sections of its component parts. The net section of a part is the 
| Product of the thickness of the part multiplied by its least net width The 
% net width for a chain of holes extending across the part in any straight or ae 
broken line shall be obtained by oneig from the gross s width the sum = 
“the diameters of all the holes i in the — gage space 
the chain. In the correction 
s is the spacing parallel to direction of | load (piteh) of. any 


9 is the spacing to direction load of same holes, 
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= 

ALLOWABLE Loap, Kies PER Rivet, | ror Co 


p navinhetod | 10 10 Kies PER Sq In. ann] 


diameter 0. 453 bie 0.578 


stn 


= Assuming distance from center of rivet to edge of member toward which the pressure of the rivet is directed is 
bearing. * These values are governed by reduced shear strengths as indicated in Table all All other — 


IN PER ‘River, 


19/82 


ds | ss 


1.70° 
1. 3.01% 


Se 


coooooo 


a distance from center of rivet to edge of member toward which the pressure of the rivet is directed is 
: “ai ~ shear strengths as indicated in Table 4. * These values are governed by bearing. All other values 


tt The net section of the part is obtained from that chain which gives the et : 


mee width. _ The hole diameter to be deducted shall be the actual hole diameter — 


For angles, the gross width shall be the sum of the widths of the legs 
sae the thickness. The gage for holes in ‘opposite legs shall be the sum of the 
=. gages from the back of the angle, less the thickness. a 
” For splice members, the thickness shall be only that part of the thickness: ; 
a a the member that has been developed by rivets beyond the section considered. 


me 
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— | | 20> | | 232 | 252 | 200 | | 
676 161 | 322 | 2.00 4.13¢ | 262 | 50% | 393 
— 38 «| 234 | 161 200 | 418 | 262 | 
not less tl 
(Rivets Driven at 990° F to 1,050™'™ o per 
ole 0307 = | 0.469 | 0.832 
: ot River Smear (ss) D 
aa » | otot «| 
1/8 0.99 | 1.60% | 1.35% | 2.05 2.08% | 2.678 
lose De | | 198 | 1.38 | 2.68 2.22 4.008 
0.99 198 | 138 | 2.76 147 8.50% | 2.92 4.266 | 
off | 2.76 ‘177s «| «354 | 222 | 443 
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4.746 461 | 689! | 61le | 8.02%] 7:78 | 9.148 
5.04¢ 4.61 8.14¢ | 6.24 10.02% | 8.04¢ | 11.43% 
461 | 8.62 | 624 | 11.126 | 13.728 slone te to 
461 8.97¢ | 624 | 11.66¢ ‘Al 14.58 
461 9.22 | 624 | 12.39¢ | 15.64¢ 


ected is 2 not less than twice the nominal rivet diameter (see Specification G-1, exception b). ¥ > These values are governed : = 
| are governed by basic allowable shear stress. 


IVET, | FOR Hot-Driven 618-T43 Rivers 1N 148-T6 
Kips PER Sq In.; anp Bearine, 36 Kips per Sq 


Dimensions, in Inches: ee 


Rivet diameter 


diamet 


| bia! Thickness of plate, or shape, in 


471 33 | 61 | ‘ 
i 5.29 3. 71 : 
270 | 541 | 383 5.34 is nt 
270 | 541 383 | 7.67 5.34 9/16 hee 
| | 383 | 767 | 534 | 1068 | 7:10 | 1420. 


not less than twice the nominal rivet diameter (see Specification G-1, exception b). % These values are governed a a 


are governed by basic allowable shear stress, 
C6. Effective Sections of Angles—It an angle in tension is connected on a 


“one side of a gusset plate, the effective section shall be the net section of the a 
"connected leg plus one half of the section of the outstanding leg, unless the out a " Me 
standing leg is connected by a lug angle. _ In the latter case the effective sec- _ 

. tion shall be the entire net section of the : angle, a nd “pi shall be at ¢ least, two oa 
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= reduced allowable load shall be the load 


divided by ( = + 

ae rivet. If the grip exceeds six times the diameter, special care shall - 7 


, in which Gi is the 5 grip and D the nominal diameter of 


taken i in driving the rivets to insure that the holes will be filled completely. a: 
G8. Pitch of Rivets in Built-Up Compression Members.—The pitch in the 
Gets of stress shall be such that the allow able stress on the individual 
4 rivet pitch in simulans with Fig. 2, exceeds the calculated stress. In no a 
_ case, however, shall the pitch in the direction of stress exceed six times the 5 
diameter of the rivets; and for a distance of one ‘and one-half times the width 
_ of the member at each end, the pitch in the direction of a shall not exceed — 
three and one-half times the diameter of the rivets. fap 
Stitch Rivets —Where two or more web plates ar are in 
za ‘shall be stitch rivets to make them act in unison. In compression members, 
L the pitch o of such rivets in the direction of stress shall be determined as out- - 
lined in Specification G-8. | ‘The g gage at right an angles to the « direction of stress _ 
shall not exceed twenty times the thickness of the outside plates. In a . 
_ members the maximum pitch or gage of such rivets shall be twenty times oo“ 
_ thickness | of the outside plates; and in tension members “composed of two od 
angles in contact, the pitch of the stitch rivets shall not exceed 10in. 
G-10. Minimum Spacing of Rivets—The distance between centers 
rivets shall not be less than three times the diameter of the rivets. ¥ 
G11. Edge Distance of Rivets —The distance from the canter of a rivet q 
P to a sheared, saw ved, rolled, or planed edge shall be not less than one and one- 
half times the diameter, except in flanges of beams and channels, » where br 
c minimum distance may be one and one- fourth times the diameter. For rivets 
_ under computed stress, the distance from the center of the rivet to the edge of me 
" the plate or shape toward which the pressure of the rivet is directed should = 


“normally be at least twice the nominal diameter of the rivet. In cases where a 7 eet 


shorter edge distance must be used, the allowable bearing stress shall be redneed 

a The distance from the ‘edge of a plate to the nearest shall not 
exceed six times the thickness of the | 


G12. Sizes of Rivets in Angles.—The diameter of “the Tivets in angles 
whose | size is determined by. calculated stress shall not exceed one fourth of 
the width of the leg i in which they are driven. - In angles whose size is not so 
determined, l-in. rivets may be used in 33-in. legs; | 7/8-in. rivets, in 3-in, 
 G-18. Extra Rivets.—If splice plates are not in direct contact with: the 
which they connect, there shall be rivets 01 on each side of in excess 


If rivets carrying calculated stress pass through fillers, the fillers shall be 
extended beyond the connected member and the extension secured by es 
tag | additional rivets to distribute the total stress in the member uni iformly over r the 


combined section of the member and filler. Maur 
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"2 rt _ Reversal of Load. —Members subject to reversal of load under the a 
passage of live load shall be proportioned as follows: Determine the tensile 


| __ load and the compressive load and increase each by 50% of the smaller; then aa 
-— : proportion the member and its connections so that the allowable stresses eae 

| given in Sections A to G, inclusive, will not be exceeded by either increased load. 7 ee 
H-&, Slenderness Ratio of Tension Members.—The ratio of unsupported 


length to least radius of gyration for tension members shall not exceed the 


value even by the following formula: 
= I+ 10 


in which f; is the ‘isi net bake tensile stress to which the mem member will be 
in actual service, in kips persquareinche = 
oe H-8. Stay Plates for Tension Members.—Segments of tension members not — 
i“ directly connected to each other shall be stayed together. The length of the 

_ stay plate shall be not less than three fourths of the distance between (the ; 
lines of the segments. “Stay plates shall be connected to each segment of 
tension member by at least three rivets. The distance between stay plates - 

. shall be such that the slenderness ratio of the 3 individual segments does <6 = 3 

exceed that given by Eq. 7, Specification 2. 


H-4. Fatigue. —Tests indicate that riveted members designed in 


"4 


ar ance with the requirements of these specifications and constructed so as to be 
> free from severe reentrant corners and other r unusual stress raisers will safely nae ., 
withstand at least 100,000 repetitions of maximum live load without fatigue — 
‘ failure regardless of the ratio of minimum to maximum load. Where a silatli. 


number of repetitions of ‘some particular loading cycle i is expected during the 


life: of the structure, the calculated net section tensile stresses for the loading in 
~ question shall not exceed the values given by the curves in Fig. 10. When using 
the curves in Fig. 10 the reversal-of-load rule in 1 Specification H-1 should be 


ignored. The final member and connections selected, however, shall be 
enough to satisfy the requirements of Specification H-1. 


= In considering fatigue action on structures it is well to bear in mind the - - 


_ a.—The most severe ecombination of f loadings for which : a structure i is designed — 


(dead load, maximum live. load, ‘maximum impact, maximum wind, etc.) 
_ rarely occurs in actual service and is of little or no interest from the standpoint _ 


—The of most interest the fatigue sta ndpoint i is the steady 


_¢.—The number of cycles of load encountered in structures is ies is 
- _ compared with those encountered in fatigue problems involving machine parts. 
it takes many years of service to accumulate even 100,000 cycles of any sig- 


nificant stress in most structures as is indicated by the 


3 
— 
— 
| 
— 


cycles represent 20 cycles every hour for 57 years. must be 1 not to “a 
overestimate grossly th the number of cycles for r any given load condition. 
an -d.—Careful attention to details in design and fabrication pays big dividends 
iy ‘= in fatigue life. When a fatigue failure occurs in a structure it is usually at a 
., a _ point of stress concentration where the state of stress could have been improved a 


with little or no added expense. 
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—Hole centers may be center-punched and cutoff lines may be punched — 3 
or  Center- punching and scribing shall not be used where such marks 
would remain on fabricated material 
re b.—A temperature correction shall be applied where necessary in the layout — 
of critical dimensions. The coefficient of expansion shall be taken as 0. 000012 a + 
a.—Material in. thick or less n may be sheared, sawed, or cut 
. ‘router. Material more than 1/2 in. thick shall be sawed or routed. Piven ite 
=  -b.—Cut edges shall be true and smooth, and free from excessive burrs or g 3 
—Edges of plates ca carrying calculated stresses. shall be planed toa a depth 
= 1/4 in. except in the case of sawed or routed edges of a quality equivalent toa — 


Li ile 19224 00 
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‘cuts shall be avoided wherever possible. If used they shall 
e—Flame of aluminum alloys i is snot par 


period not exceeding 15 min to facilitate te bending. — Such heating shall be rice 
as only when | proper temperature controls and : supervision are are provided to insure _ 
ier that the limitations on temperature and time are carefully observed. 
b— —Hot-driven rivets shall be heated as specified i in Section I-5. 
I-4. Punching, Drilling, and Reaming- -—Rules for punching, drilling, 


a —Rivet or bolt holes in main members ‘shall be subpunched or sub- 
arilled and to finished size after the parts are firmly bolted together. 
a ‘The amount by which the diameter of a subpunched hole is smaller than that 7 io 
i. _ of the finished hole shall be at least one-quarter the thickness of the piece p2 
and i in no case less than 1/32 in. If the metal thickness is greater than the i 
he diameter of the hole, punching shall not be used. = 3 es 
be —Rivet or bolt holes in secondary m material not carrying calculated stress ‘¢ 


may be punched or drilled to finished size before assembly. 
. oY .—The finished diameter of holes for cold-driven rivets shall be not more er 
-than 4% greater than the nominal diameter of the rivet. © 
_ d.—The finished diameter of holes for hot-driven rivets shall be ‘not a 
1 7% greater than the nominal diameter of the rivet. 
 e—The finished diameter of holes for unfinished bolts: shall be not t more 
1/16 in. larger than the nominal bolt diameter 
_ {.—Holes for turned bolts shall be drilled or reamed to give a driving fit. 7 
~ g.—All holes shall be cylindrical and perpendicular to the principal surface, a 
_ Holes shall not be drifted in such a manner as to distort the metal. All chips 


4 lodged between contacting surfaces shall be removed before assembly. a teal 


a.—The driven head of aluminum alloy rivets preferably. shall be of the ‘fat 
or the cone-point type, with dimensions as follows: 

sae _ (1) Flat heads shall have a diameter not less than 1.4 times the pominn} 


rivet diameter and a height not less than 0. 4 times the nominal rivet diameter. be bee ss 
walls 


nominal ; rivet and a height, to the apex apex of the cone, , not lees than 0.65 


times the nominal rivet diameter. angle at the apex of the cone 


b—Rivets shall be driven hot as ca called the plans, provision 


for heating being as follows: 


* 
4 material shall not be heated. with the following 
q 
= 
4 
q 
— 
— 
1 
— 
— 
— 
> 
— 
= | 
— 
— 
— 
1 
a 
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= 
; (1) Hot-driven rivets s shall be heated in a hot air providing 


= temperatures the 1 rivet ‘chamber and equipped auto 


a Ws (3) Hot rivets shall be transferred from the furnace to the work : and dives 4 


uy —Rivets | shall fill the holes completely. Rivet heads shall be concentric 


7 = ai rivet holes and shall be it in proper contact with the surface of the ee 


by I-77, Cleaning and Treatment of Metal Surfaces — 
 & -—Surfaces of metal | shall be cleaned immediately | before painting by yg 
a a method w hich will remove all “dirt, oil, grease, chips, and other fomcign | 
b.—Either of th the t two following 1 methods of ‘be us used on exposed 


Chemical Cleaning.— —Parts may be immersed or r swabbed with, a a 


ratio of 1: 3. The shall be between 50° F and 90°F. 
4 The solution shall remain in contact with the metal 1 not less than 5 min. - Re- 

(2) Sandblasting —Standard sandblasting methods may be used on 


—For contacting only, ‘the metal may be cleaned i in accordance 


than 15 min and for not more than 1 hour before 4 


n with Specification I-7b, or with a solvent such as mineral spirits or benzine. _ 


 d—Flame cleaning i is not permitted. 


— I-8. Painting. —Specifications to control painting operations are as follows: 


ae —Metal parts shall be painted as described in Specifications I-8b to I-8h q 
except where the plans specifically permit adeviation. 
a vs “7% b.—Contacting metal surfaces shall be painted before amembly w with one 
= coat of zinc chromate primer in accordance with United States Navy Depart- i 
ee ment Specification 52P18 or the equivalent, or with one coat of suitable alu- 


+ minum calking compound (brushing consistency with 


pecification 
I-8b and by painting the ‘dissimilar metal with a suitable metal p priming paint. 
— d.—Aluminum surfaces to be placed i in contact with concrete or masonry — Z 
construction shall, - before installation, be given a heavy coat of an alkali- q 
“resistant bituminous paint. The quality of the bituminous “used. 


mh o 
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e e—All other surfaces shall be g given n one yne shop coat of zinc primer 
: _ made in accordance with Navy Department Specification 52P18, or one giving 


of the subsequent paint coat. $ 
g. —aAfter erection, bare spots shall be touched u up ‘gine 
primer followed by a wee coat of aluminum as in 


wh BE 


One or ‘more field ‘coats. of alkyd base. enamel to a 
PART I EXPLANATION OF SPECIFICATIONS 


yield strength. This is a larger factor of safety with respect to yield strength 
than i is ordinarily encountered i in specifications for r structural steel. _Inselecting 
a this rather large factor of safety c on yield strength, the committee was influenced i 
— to a considerable extent by the fact that there is a smaller spread between — 


_ yield strength a and tensile strength i in this wo Ba alloy 1 than is commonly — 
A-8, A-9, and A-18. Allowable Stresses on Rivets. —The shearing 


wld 


and bearing stresses on Tivets were selected on the | basis of the e results ¢ of nu- 
merous shearing : and bearing tests. The factors of safety ‘used are greater than 


those used for most of the other allowable stresses.* 
Se S&S A-6, A-11, and A-12. . Allowable Stresses on Pins.— —The allowable bending, i. 


“3 shearing, and bearing stresses on pins were selected to have about the same 


made in alloy structures but it is assumed that where 
they will be of the same material as the structural members themselves, and 


a that they would probably be obtained in the form of rolled : rod , ASTM Specifi- 7 


- | AN-P-31. The paint shall be applied as it is received from the manufacturer oo — 
shall be given a second shop coat of paint consisting of 2 lb of aluminum 
{ paste pigment (ASTM Specification D962-48T, Type II, Class A) per gallon 
: varnish meeting Federal Specification TTV81a, Type II, or the equivalent. 
— 
— 
— 
+ 
7 
— 
— 
t 
a 
— 
q 
renresents 4 tector of satety of 4) based on the sneciied tensile 
4 il: 
| 
a 
| 
relation to the corresponding proper ties OF the Material @s 18 the Case 1n standalr 
: 


safety of 2.5 and with: cutoff at the basic allowable design stress of f 
kips per sq in. The formulas for all three curves be written*-® 


L is the length of the column, in i inches; 


1 is the least radius of gyration of the column, in inches; and 
ki is factor or describing the end conditions as defined in Fig. 2 


For values of slenderness ratio, L/r, than 7 72, ‘the formule for 


: 3 B-7. Formulas for Combined Compression and Bending. —Eq. 
ie to bending in the direction of the | applied bending 1 moment, takes into 
account the additional bending moment due to the deflection of the column. + 


: ey 2, ‘covering failure by buckling normal to the plane of the bendi ing 
&: forces, i is a simplified design formula which is conservative compared ‘to test 4 
‘Tesults and to the theoretical solution for this case.’ A modification of this . 


solution has been suggested by H. N. Hill, Assoc. M. ASCE, and J. W. rok 
a > . Formula. or Transverse Shear on Columns. —Eq. 3a 3a is based on the 


__ #4“Column Strength of Various Aluminum Alloys,” by R. L. Templin, R. G. Sturm, E. C. Hartmann, 
and M. Holt, Research Laboratories Technical No. 1, Aluminum Co. of 


im 


Discussion b: of ‘‘Rational Design of Steel ” by D. H. Young, Trans- 


PY 7 **Torsional and Flexural Buckling of Bars of Thin-Walled Open Section Under Compressive and 
Bending Loads,” by J. N. Goodier, Transactions, A.S.M.E., Vol. 64, 1942, pp. A-103-A-107. 


_ 8“Lateral Buckling of Eccentrically Loaded I- and H-Section Columns,” by H. N. Hill and J. Ww. ‘a 
Clark. Proceedings, First U. 8. National Congress of Applied pending). 
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‘ *“Tnelastic Column Theory,” by F. R. Shanley, Journal of the Aeronautical Sciences, Vol. 14, 1947 
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ALUMINUM SPECIFICATIONS EXPLAINED 


‘Section C. CuRVE FoR Compressive STRESS IN 


C-1 .—The curve in ‘Fig. 3 is based on the theoretical solution for the a 


critical bending moment in I-beams as given by S. Timoshenko.*® it repre- ee 


aa 


- sents a factor of safety of 2.5 applied to the theoretical solution for beams a 


subjected to a uniform bending moment. It is assumed that at the ends eae 


about a vertical axis and complete restraint against lateral displacement = 


“rotation about a horizontal axis parallel to the web. The part of the curve for _ 


values of ialiioe’ sreater than 27.5 is based on elastic action, whereas the 
“mainder is ‘simply an extension of the same formula using | tangent modulus 
rather initial modulus. curve has a cutoff at the basic allowable 
a design stress of 22 kips per sq in. It is important to note that the term L 


is defined as ‘‘laterally ‘unsupported length of compression | flange,” which i is not 


necessarily the same as the span of the beam or the girder. The case of uniform 
bending moment has been used in setting up Fig. 3 because it is a good approxi- 
_ Imation of conditions frequently encountered in actual design, and because it 


i is somewhat more conservative than many of the other cases that might have 


For values greater than 27.5, the curve in Fig. 3 be repre- 
in Fig. 3 is based on a theoretical solution applicable to 
- beams having cross sections symmetrical about both axes. The modified in- — 
ry _terpretation of the term J; indicated in specification C-1, however, permits the i 
curve to be used without serious error for beams and | girders having one flange " 
aa | differing i in lateral stiffness from the other. It should be used with caution in ; 


SEcTIon Curves ror DrsicNn oF Fiat Phares, ‘Lees AND WEBS 


| The curves of Figs. 4, 5, and 6 are based on values of critical stress oowiplied ; 
Mr. Hill in 1940.4 restraint along the edges and loaded 


we’ ‘The Stabilit 
Was C. Dumont and H. Kill, 


‘Lateral ‘Stability Uneymmetricel I- Beams and Trusses i in Boning,” 
Hane, ASCE, Vol. 108, 1943, pp. 247-268. y 


a 
of Beams as Determined by Lateral Buckling,” by. Karl. de ‘Vries ‘Vol. 3 112, 


pte 


ey 


4 “Chart for Critical Stress of Flat Rectangular Plates, by y H. N. Hill, ‘Technical 
¥ No. 778, Adviscry Committee for Washi gton, D. C., 1940, 
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‘ ral Instability of Unsymmetrical |-Beams,”’ 
Technical Note No. 7 um: lloy 1-Beams Subjected to Pure Be A 
| | e No. 770, National Advisory Committee for 


ALUMINUM SPECIFICATIONS EXPLAINED 


edges was assumed i in all cases except for the supported edge i in n Fig. 4, , Which — 4 


‘buckling stresses above the elastic range are computed by using the pm 4 
- modulus instead of the modulus of elasticity, a procedure which is known to be r 
conservative when applied to problems of plate buckling.'* A factor — 3 
cg a ‘safety of 2.5 § against critical buckling has been used in in all three charts and mo 4 
. cases the curves have a cutoff at the basic allowable design ‘stress of 22 kips 
- wt hen a flat Plate, leg, or web is built i in along one or both edges to other — 
parts ¢ of a compression member which offer partial edge restraint, the local 
_—__ buekling of the plate, leg, or web does not precipitate collapse of the member as 
a whole as it Probably would in the case of a single-angle strut. For this 


of D-2 provides a method accomplishing this result 
by introducing the w well- I-known “effective width” concept. After a plate, leg, 
—_ or web buckles, a part. of its area is considered to be ineffective in . supporting — ; 
Toad, whereas a strip along each supported edge is considered still I fully effective — 
s working with the ‘supporting material to which it is attached. — The formula 


ome 


counervative than — accepted methods of calculating effective width.!6-17,18.1 


CuRVEs FoR ALLowaBLE SHEAR IN WEBS 


_ E-1.—The values of allowable stress in Fig. 7 are obtained by applying a 


factor of safety of 2 to the critical shear buckling stresses for flat. plates with a 
_ the edges about halfway between the fixed and hinged conditions.» = ™ 


orn Those parts of the curves of Fig. 7 which represent critical buckling stresses | = 
_ above the elastic stress range are computed from formulas for elastic buckling _ 
with the tangent modulus substituted for the modulus of elasticity. For a - 
_ given value of critical shear stress, the tangent modulus is that corresponding — 


toan axial stress equal to ¥ 3 times the shear stress.” 7 _ As in the case of com- 


‘pressive buckling of flat plates, the modulus i is conservative. 


000 
fom 


é aot _., 1*“Buckling Stresses for Flat plates and Sections,” by Elbridge Z. Stowell, George J. Heimerl, Charles _ 7 
Libove, and Eugene E. Lundquist, Proceedings, ASCE, Separate No. 77, July; 1951. ’ a 
4¢**The Strength of Thin Plates in Compression,” by Theodor von Kérmén, Ernest E. 8 E. Sechler, 
L. H. Donnell, Transactions, A.S.M.E., Vol. 54, 1932, pp. 53-57. 
a * 17**The Apparent Width of the Plate in Compression,” by Karl Marguerre, Technical Memorandum 
833, National Advisory Committee for Aeronautics, Washington, 
4 18 “Strength of Thin Steel Compression by Wits, Transactions, ASCE, Vol. 112, 
__19**Performance of Thin Steel Compression Flanges,” Winter, preliminary publication, — 
. : om Cong. of the International Assn. for Bridge and Structural Engrs., Liege, Belgium, 1948. 


__20**Formulas for Stress and Strain,” " by Ray: Raymond J. Roa Roark, McGraw-Hill Book Co., Ine » New York 


“Critical Shear Stress of an ‘Infinitely Long Plate i in the Plastic Re by Bibridee Z. Stowe 


Technical Note No. 1681, National Advisory C Committee for Aeronautics, Washington, D . C. Ad 48 
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ALUMINUM ‘SPECIFICATIONS | EXPLAINED 


orizontal stiffeners is based 


. 2 plane of the plate. — ‘Partial restraint is assumed at the toes of the flanges a 
(about halfway between the solution given by Mr. Timoshenko for the case 


for a plate with the loaded edges simply supported and the other two edges b 
ibs The « curve in Fig. | 8 for girders with a wih horizontal vililener is based on 
_ the critical buckling stress given by Mr. Timoshenko for plates simply supported _ 
on all four edges under | combined bending and axial stress in the plane of the 


oe ‘plate. ¥ The simple support ‘condition is used for this. case because the hori- a 


‘The location of the horizontal stiffener shown i in the sketch i in Fig. 8 is chosen 


30 that the e parts « of the plate ‘above and below the ‘stiffener will buckle at a 


A factor of safety against ‘buckling « of 1: 5 was used for the curves of ‘Fig. 8. 


that the critical bending stress: for girder webs may be considerably exceeded 
without the load- -carrying capacity y of the girder. Use of Fig. 8 


‘horizontal stiffener— 


The curves off at the bende design of 22 kips per sq in. lay 
F-8 and F-9,. Curves for Spacing and Moment of I nertia of Vertical 
Stiffeners. —The curves for determining stiffener spacing, in Fig. 9, are merely — 


replots of the data of Fig. 7. x The curves of I,/t in Fig. 9 9 represent the f follow- 


which f, is the average shear: stress on the web in} kips per square 
Kg. 13 is designed to fit the theoretical solution of M. Stein and R. W. a oe 
_ Fralich™ for values of s/h between 0.2 and 1.0. x This solution does not cover 


_ ,  &“Buckling of Webs in Deep Steel 1-Girders,”” by Georg Wastlund and Sten G. A. Bergman, rept. ot 
- or investigation made at the Royal Inst. of Technology, Stockholm, Sweden, 1947. 
Critical Shear Stress of Infinitely Long, Simply Supported Plate with Stiffeners, 
a Manuel Stein and Robert W. Fralich, Technical Note No. 1851, National Advisory Committee for ‘Aero- 


| *F-6. Curves” for Allowable Longitudinal Comy 
@irders —The curve in Fig. 8 for girders with no h 
— 
4 of niate cunnorted on all tour and the enintion of K 4 
— 
| 
— 
| 
| 
— 
ae Although this Tactor of safety Is ov as lafge as some used cisewnere im vnese 
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a 
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of 1.0. In this range, however, Eq. servative 


with the recommendations of L. Moisseiff.! 


10. Formula for Moment of Inertia of Stiffeners at Pointe of 


Eq. 5 simply states that the moment of inertia of a stiffener at a point of — 


a should be equal to the sum of the moment of inertia required to — m 4 


the tendency of the web to buckle and the moment of inertia required for the 
_ stiffener to carry: the e bearing | load asa column with Jength equal t to the height © 


the: web. lin ak bas bats an Pal ini bal edt 
F- 11. Formula for Radius of Gyration of Horizontal Stiffeners.—Eq. 6, 
for the moment of inertia of horisontal stiffeners, i is based on the theoretical a 
| of C. Dubas, reported by F. Bleich.* qn 


H- 2. Formula for Slenderness Ratio of Tension Me embers. s.—Eq. 7 is designed a 


to yield slenderness ratios in agreement with values generally accepted for 


33 ia members, at the same time taking into account the fact that the a . 


higher the minimum tensile stress on member tendency there will 

be for the member to bend or sway. 

~=Curves of Allowable Tensile Stress on Net Se for Various N 
= Repetitions of 1 Load A pplication. —The curves in Fig. 10a are re plotted from the 


with double straps joined with eight, cold- driven 5/8-in. riv ets. 
Me The type o of testing equipment and; specimen (Type M1) used are illustrated in a 


_ paper by R. L. Templin,* M. ASCE, in 1939, and a paper by Mr. Hartmann, > ; 


4 0. Lyst, and H. J. Andrews,” Jun. ASCE, in 1 1944, 


cut off at the basic sllowshle design stress of 22 kips per sq in. The right- 
va hand part of the diagram i is largely based on extrapolation of the data, but this 7 
cr 10) e is not considered to be a serious matter since the design of most members in 
this range will be by Specification H-1 rather than b 
fatigue considerations ox ris 


Newell 


Committee o of the Structural Division on Design i in n Lightweight 


go anor te a, dou 


“The Buekling Strength of Metal Structures,” by Friedrich Bleich, "McGraw-Hill Book Co., Ins., 
New York, N. Y., 1952, p. 422. 


Ser fer Testing ‘Structural 1 Units,” by R. L. . Templin, Procedinas, S.T.M., ., Vol. 


‘Fatigue 
39, 1939, pp. 711-722. “Ton & 


“Fatigue Tests Riveted Joints, ” by E. C, Law, saa I. 
Report W656, National for Washingtoa. 
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“AMERICAN SOCIETY OF. CIVIL ENGINEERS = 4 


By CARLTON S. ~PROCTOR,? ASCE 


most and formidable setting forth the of weeks 

- diligent. research, designed more for the enlightenment of posterity than for 

the interest of its listener audience; but 1952 is a most unusual year in our 

s history, one in which precedent must ist give w: way to 
the engineer, this is the year of great decision. ucitesilivin 

The temptation will be strong, of course, to bask in the reflection of po 


country of be content, with the rofessio 


_* If that is the net result of our Centennial Year and its celebrations, then — tad x 


se the efforts and the money that have gone into it will have been wasted rs ; in 


Ne we will have tragically missed the grea 
long history. But if we accept our tee 
~ coming-of-age, the celebration of his maturity, when it is encumbent on him 
‘ to take stock of his inheritance and of his equipment | ‘to face the engineering 


world of tomorrow, with its rapidly increasing demands of expanding tech- 
- nological development, then this will he a proud year for us and for our country. a ee 


Then we will justify our pride i in our heritage. done 
e, a ‘Looking at the opportunities and demands ahead of us, one must sense that a 
7" we stand on the threshold of an engineering age, where mechanization and tech- 
nological advancements dominate a materialistic world; where all life, thought, s 
; = action are overshadowed lit the fear of a third world war; ; where conflicting, 4 


| 


— 
— 
— 
ADDRESS AT THE SUMMER CONVENTION 
— 
= 
— 
= Lhe President's annual address 1s required by our By-Laws. Becausethat = 
a 
— 
iii 
4 
a 
4 a ‘= plaudits that will come with public recognition of the compelling part theengi- | 
| 
| 


and accurate 1 road directions. 
= ne No longer may we hide behind our ‘slide rule and expect to be able to main- 


pie 


a 


The engineer of tomorrow 


We look into the future to see two Ww wera) one is dimly lit and but vaguely — 


of engineered science for the universal benefit of mankind, and the other road i is 
brightly | lit and gayly festooned, readily defined by its signboards advertising 
easy dissipation and by its milepost of progressive degeneration, leading 


To plot. the course of the road to peace and prosperity a and to expose * 4 
_ public view the mirage of the tinsel-fringed road to chaos, we will require a a 
_ much improved transit, designed for employment by dedicated professional — - 


implementations, and the cultural repercussions of our work and our i inv ventions. — 2 


o ing technology to escape the  nonmNg eye of those who look to us for guidance © ’ 


r tain the stewardship of our God-given privilege to utilize and direct the forces _ 
. of nature to the benefit of mankind, and no longer may we | shirk our responsi- — 

% bilities for direction of the educational training of the young men coming into | 7 
4 our profession, to meet the pressing demand for the truly professional man — q 


<a equipped to carry through in his s expanding responsibilities for public leadership. 


a8 drastically altered atmosphere. — ‘The classic fears of man, influencing all 
_ past progress of civilization, those fears of the ravages of nature—storm, a 


 ereated the current atmosphere in which man dreads, more desperately — c 


fear that engineered science has i inv ented and discovered beyond its capacity to _ 
- ¥ _ Because of our direct responsibilities for ‘the g growth of this atmosphere of 
ave ad, we must accept our obligations for its immedate correction; the more 
so since our public leaders, « either 


4 personal power, too frequently see the solution in agencies and trappings of _ 
engineer is immune to the enervating 
opportunities that such statism is sure to impose. I am convinced that this — 
-". A is as true for engineers in the employ of government, federal or local, as it 
4 is. for those in the employ of public utilities, of industry, and of consulting — 
ay _ Each one, regardless of what t type of e engineering endeavor he finds himself, If, 
of in the public’s estimation unless heh himself 


ideologies ad the indigestion of materialistic. & 


defined, leading to a prosperous, happy world at peace, utilizing the products — 4 a 


= to replace our outw orn “theotelite” ” of short vision and eeneenaees i” 
‘ No longer may we remain indifferent to the social impacts, the economic | 4 


No longer can we bury our heads in the sands of our chosen branch of engineer- eg b 


faces a radically changed set of conditions in 4 


famine, cold, and flood—have been dispelled by modern science, technology, | 
44 
% and engineering. But while disposing of those fears, engineered science has __ 


honestly misled o or ‘irresponsibly ‘seeking 


. of pagan, Godless ideologies ina ilies attempt to defend itself against its 4 
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aime - This may be in group action, ‘such as through the activities 


In whatever it Aakes, our responsibility for public leadership and 


“i is the challenge that this Centennial Year brings to each of us. It is my © 


5 hope that I can emphasize to you the compelling nature of this challenge aS 


and present a few of the ways in which it can be 


Let us remember that our responsibilities for public for 
a the maintenance of a genuine professional status, have not been suddenly eee 
j thrust ; upon us. . We have seen the inevitability of expanding Tesponsibilities a 
for years and have dane little if anything about it; so that today we face a 


At the Annual: Meeting of the Society i in January, 1939, there was held a f 
~ 


by “representatives of the American Institue of Architects, the 
American Bar Association, the American Medical Association, and our own 
Society. — This symposium? had grown out of three years of study by the Socie- _ 


Bh Committee on Professional Objectives and \ was held for the purpose o 


of professional status and as to work. necessary | for the ial eal 


Notwithstanding that our Society was the oldest of all national professional 


organizations, we recognized that the advancement of our prestige ¢ as professional i 
men had not kept pace with the other represented professions. we set out 


_ Many of the answers were readily apparent. In each case the national 


professional societies had demanded and obtained such ‘steadily increasing 
standards of education that their professional training was gradually ao 


for its “accrediting of schools fc for professional training. 
sented out Society and closed that symposium with a summarization of ae 
_ experiences of the other professions as they applied directly (and still apply) 


In my paper I referred to the editorial statement® to the effect that for all if 
that the engineer is nece:sary to the maintenance of modern | civilization, — 


he still lacks status by comparison Ww with members of older professions and with 


the administrators who control the e undertakings that he has made possible. 


ay is something that can be conferred but cannot be commanded. a 
In concluding my paper, I had this to state* 
em “Tf we are hi honest with ourselves, I think we will admit 
that ° * * * we are but tilting at windmills when we place the responsibility - : 
for our present lack of status onany but ourselves *** = 


” Civil 


Engineering (London), ‘November. 4, 1938, p. 538. Vitals 
a _4“Professional Aims of the Civil Engineer,” by Carlton 8. Proctor, Civil . Engineering, March, 1939, a 
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“Tt req requires plenty of determination and fortitude to challenge’ the insti 


tutions of professional education; to force the abolition of competition for 
between engineering schools; and to impose a strict self-discipline 7 
on the profession. But the fruits of such efforts are the we seek.” 


- glance’ at the status of engineering education today should convince us _ 


as ‘that engineers as a professional group shave failed to. exercise that degree. of 
a. leadership and direction so long needed. = We have failed in still greater degree - 
4 ‘to accept our special responsibilities in public affairs generally. Today our 
- profession and our country have reached the “road block” where we can no- 
longer e evade our responsibilities for active leadership in public. affairs. In the 
past much of the impetus for such leadership by engineers was derived from 
obligations | as good citizens. today those obligations devolve upon us 
 - in defense of our - continued profession al life and in the abolition of a 
f. prevailing atmosphere of confusion, loss of respect for our political institutions, 
and agnostic defeatism—for all of which our profession must accept its full 
ic ‘The political exploitation of men’s elemental fear of the destructive power 
 . engineered science has created a widespread doubt as to the ability of our 
democratic processes to combat t the threat of that pagan, , Godless, and sterile - 
ape police state that we so loosely call communism. Our leaders in public life 
a should have been exposing the obvious fact that—so long as this great nation of " 
‘Taintains i its cherished principles of individual dignity and liberty, its 
ro a atmosphere of mutual confidence and respect inherent to our competitive enter- 
prise system, and our reliance on divine guidance through our working partner- 
ship with the Creator—we have nothing to f fear from the empty, embittered, 
soul -destroyi ing philosophy of a system, so torn by « suspicions, dissension, and — 


* dread of the concentration camp that it can be maintained only by a ruthless _ 
ve men tot back the clock, degenerat- 4 
ine toa dependence on the superstate as the best defense to the straw man. 
called communism—completely concealing the fact that state 
ie toward which we are movin 
world wars to defeat and that, in its end the centralised paternal state, 
must embrace all the evils, the moral and financial bankruptcy and the retro- 
gression to paganism, of its alleged enemy, communism. 
se om For wherein is the end result different? Both statism and communism — 
require state control of enterprise, demand the cancellation of individual free. | 
doms, and deny man’s hope | of immortality. fc: They both discredit the value of 
creative effort | and inventive ‘intelligence, preach the agnosticism that ideas 


and incentive can ” socialized, and require our r acceptance of the unethical — 


< 


= statism amet to outbid communism n by offering state subsidized indo- 


le 
da duate academic course in the humanities tollowed bY 
i ining; * * * t the engineers obtaining © 
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words, increasing g return 
decreasing effort. Only statism preaches t that a man is a 


a 


and statism along with communism the ev er- 
continuing existence and availability of supermen. These supermen must 

have superknowledge, experience, and integrity to direct, control, and dis- 
tribute equitably all the products of their own genius. te 

_ The job of guiding men’s minds back to the simple precepts so fundamental 7 

: to the growth of this republic is ours, since statism’s clever play of group against 

‘group, class against class, and succeeding sectors of industry against competitor 

sectors, has resulted in the gagging, through threat of reprisal, of most of our ay a. 

industrial leaders, who should now be i in the of for = 


4 
sal gad 


‘ 


— 


Sai an held, standing as we do as arbiters and impartial agents between ae 
labor and management, to throw immediately the full weight of our leadership - 
to public guidance i in exposing to public view the fallacious precepts of statiam 

and in restoring man’s confidence in man’s w orks. inod hie’ 
os _ When efforts are being made to socialize medicine in complete disregard of 
sits abject failure and sterilizing results in England, we should be the first to a 
4 unite with our sister profession in determined opposition. - Socialization of 

engineering would quickly follow that of medicine, when invention and tech- 4 


nological odve ancement would be stultified and the practice of engineering as Ps 


i _ When power-mad labor leaders drive headlong for r “feather bedding” of jobs, — 
enforced reductions in labor’ s ‘productivity, and a merry-go-round of wage (rock 
a. inflation, as the price of their support of an American superstate, we should aa 
point out to labor that this: been the e pattern in the projection of every 
" totalitarian government to date, and that once firmly established, every super- 
* ‘ state has immediately relegated labor to the level of serfdom. = 
When in the name of the American superstate, an attempt is made to take © 
a national industry, such as steel, we should immediately point out that 
to this again is in the pattern of statism’s development—that Lenin, Hitler, ~ 
Mussolini, and Peron all expropriated industry, segment by segment, under the 
a As our liberties and individual freedoms are being canceled out and asthe 


community, county, and sovereign state into a centralized all-powerful paternal % 
state, it is high time that we stand up and be counted as keeping faith with the 
souls of our sons and brothers who laid down their lives in two dreadful wars, _ 
i, w aged for the single purpose of defending our liberties and of maintaining free- _ 
‘a dom’s s dignity « of the individual—wars bitterly fought to defeat the very totali- - : fs 
terieniom toward which we are being dragged. 
Today we face a politico- -economic ideology insidious and 
than any that has so far challenged our progress. Far too m many 
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integrity of the individual for a superstate; and the sacrifice of our priceless iy ‘ 
national heritage of morality, the > dignity of work, and 1 the e: essential place of 
ee God in our daily life are but a fair | price to pay for the n new, abundant, indolent, a 
es aT wal Having played our decisive role i in the development of the greatest social a 
the world has yet known, imperfect and still inequitable though a 


q san es undeniably is, we have watched this challenge to our basic standards, as spec- 
Bo a tators. Notwithstanding the abject failures of the economy in every nation | 
7 ot.” - that has grasped the dead hand of socialism, ignoring the stark evidence of want _ 
ee : = and deprivation, the failures of industry, and the cancellation of individual — 
a :, freedoms in all countries in the lethal embrace of statism, we have failed to 
; offer that leadership i in which men have hope and confidence. Ti Hand 


s to For statism, in its insidious usurpation of the rights, liberties, and incentive es q 
_ of the individual, may in its end result be more permanently mene 
Aq to human | rights than communism, for the more subtle reason that statism i 
being ‘approached through a perversion of the democratic process, whereas 
ae comniunism has only been enforced on any people through a police state sup-— | 


“s ~ Of all the gr groups in our entire e economy, n none in their daily work and in their | 
i essential attitude to the accomplishment of their jobs, so completely refutes’ q 


_ these present-day politico- ~economic doctrines as does t the engineer. BE NOR 
4b & As engineers, let us us stand up up ‘and be counted nov now, if we are to lay any ~ 
7 claim to the plaudits coming to our profession for its important place in oe My 
“a centennial’s depiction and celebration of one hundred years of engineered | 4 
progress, , and if we aspire to the hope of an extension of that progress through 
the engineer’s continued creative and cooperative effort. 
__ We have talked of engineering Jeadership for years but the time has sia | 
a when the profession must replace talk by action. - The high status which engi- q 
: 2 neering should hold in the public mind will then be conferred on the profession. — a 
_ This will come to pass only when we have demonstrated the quality of leadership : a 


in engineering education and in public affairs of which our profession is so 
oh a _ The hour is late, but 1 not too late, if we will but do our essential part and » 
if we will remember that great injunction of 1900 years ago, never more timely — q 
than it is today—“W hat does it profit a man if he gain the whole world but .; 
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CHARLES HENRY PURCELL, HON. ASCE: 
a Diep 7, 1951 at tink ne 
Charles’ Henry Purcell, the son of John and Mary (Gillis) Purcell, was born is ~ a 
on January 27, 1883, at North Bend, Nebr. He attended Stanford University _ | 
at Stanford, Calif., for one year in 1902 and was graduated a eivil engineer f from al 
the University of Nebraska at Lincoln in 1906. 
oat For a short time Mr. Pureell worked for the ‘Union Pacific Railroad in Wy- iF 4 
- oming and as 3 resident engineer built his first bridge across Bitter Creek. . He ce, ’ 
was engaged in several engineering positions for private firms i in Nevada, Peru, . 
<a and Marysv ille, Calif., ‘until he became bridge « engineer for the Oregon State 4 a a. 
= Highway Department in 1912. In 1920 he was appointed district engineer of om i= 
Bureau of in District I with headquarters at 


LAD 


Pureell was appointed state highway engineer of California i in February, 


i 1928. He was a member « of the -Hoover- Young San Francisco- Oakland Bay 
L:; j Bridge Commission, later becoming chief engineer, and was instrumental and 
for s securing funds ‘for building the Bay Bridge from” the Recon- 
In 1938 he served as president of the American Association of of State ‘High- as 


ed Ww ray Officials and was a a member of the Executive Committee of that o organiza- 


Com mission of the Permanent Internat 


He held 1onorary degrees: of Doctor of Laws from | the University of Cali- 


_ _He belonged to the Family and Press clubs of San Francisco and to the 
‘Sutter, and Del Paso Country clubs of Sacramento, Calif. fo loaded 
ier On ‘February 14, 1914, in Portland, het was married to Minnie Pullen, who 
Mr. Purcell was s clected an Associate Member of the American Society 
5 Civil Engineers on March 14, 1916; a Member on November 15, 1943; and an 


Member on July 17, 1945. adi tite | to 


_ Norg.—Many of these memoirs have been abbreviated for printing in ickeiiinn. 

Complete manuscripts, including photographs, have been deposited in the Engineering So- os 

_ cieties’ Library, 29 West 39 St., New York 18, N. Y., and are available for consultation. _ 
Memoir by R. M. Gillis, A.M. ASCE, and F. W. Panhorst and Fred Grumm, 
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Andrew Weiss, the son of Johann on and Anna Weiss, was born in ‘Wels, Aus- 
tela, on July 18, 1867. After receiving a common school training, he came to 


America and i in St. Louis, Mo., attended business college. He completed studies 


a the Colorado School of stay at Golden, receiving the degree of Engineer neer of | s 


Mines in 1899, and there he remained as assistant professor of mathematics and > 


eying until 1903 when he joined the newly created Reclamation Service. 


Weiss worked on the Salt River Project in Arizona and the North Platte 


a Project in Nebraska and Wyoming, ‘serving as project manager between 1907 


and 1923 on the 250,000-acre North Platte Project. By promotion he was then — i 


appointed assistant director of reclamation economics to atady projects experi-— 


encing difficulties i in operation and to to recommend adjustments. 


1926 Mr. Weiss began work on reclamation in Mexico. that was to con- 
; - tinue for the remainder of his long life. The first six years were spent as resi- 
dent engineer on. the Don Martin Project (150,000 acres) in the States of 
Coahuila and Nuevo Leon, with part responsibility also for the Conchos: Project 

in the State of Chihuahua. Then in 1932 he was appointed consulting engineer 


for the National Commission of of Irrigation covering techaten! economic plan- 


Finally, from 1938 onward, again by promotion, he was chief of the Tech- 
eal Consulting Department of the commission. In addition mn to reclamation 
_ and irrigation, his problems included ‘flood control and sanitary w ater. supplies, 
as well as multi-purpose projects involving hydroelectric power. During these 
periods, he was also’ consultant on the North | Platte and the Santee- Cooper 


(South Carolina) projects in the United States. Mr. ‘Weiss will long be re 


_ membered for having found a way to pass floods over earth dams under con- 
struction without injuring their stability, which was Sy felt to be ) im 
Bi. a Bo Mr. Weiss was a member of the American Society of Agricultural Engineers, 


the American Conerete Institute, and the Association of Engineers and Archi- 

teets of Mexico. In 1949, on the fiftieth anniversary of his graduation, ‘the. 

_ —— School of Mines conferred on him its medal for distinguished achieve- 
ment. — Similarly, b he was granted the highest token of of esteem in the Society— ;. 
to Honorary ‘Membership. In its resolution following his death, the 


see Ke noted cohabit * * * for a quarter of a century, a most effective am- 


i : = In 1903, Mr. Weiss was married in Denver, Colo. , to Rebecca Minnie Hessel a 


Fi - died in 1922. He w was survived by two Gabel, Lela H. and June H. 


+ Memoir by H. Matthes, Hon. M. ASCE, and ‘Charles T. Craig, 


Board of Direction ‘Properly characterized him as 4 


_ bassador of good will from the United States, the land of his first adoption, — 
to Mexico, his final home country * * * and outstanding leader in the pro- 
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and eulogies by engineering government = "Simi services 
he ‘Mr. Weiss was elected an Associate Member of the American a Sen of Civil Ls 


Engineers on January 8, 1908; Member on n April 18, 1917; and an Honorary 


| Shrine, Rotary. Club,. University Club, Sutter Club, and Del Paso Coun- 


Frank Seymour Baillie, the of ‘William 1 F. Baillie, was born on “August 
i, 1869, in Flint, Mich., and there completed his early edueation. He was 
_ graduated from the University of Michigan at Ann Arbor in 1890, , having ma- 
jored in civilengineering, = = ed al 
_ ie For the next six years he had varied civil | engineering work—as surveyor and a i 
es draftsman for W. W. Duffield & Son in Pineville, Ky.; as draftsman and _ 
neer for the American Bridge Works in Chicago, Ill., designing ‘subways: in 
_ Jackson Park for the Chicago World’s Fair; and as assistant — for the a 
Gillette ‘Herzog Manufacturing Company in Minneapolis, Minn. Baillie 
then went to Oregon, where for nineteen years (1896 to 1915) he devoted his 
attention to mining, first as vice- president and general manager for the Columbia 
Gold Mining Company and later, in a similar position, with the Baker Mines — 
_ During World War I, as manager of the Portland (Ore.) office of the Grant 
Smith Porter Ship he supervised the building and launching of forty- 
eight ships. _ He continued with this firm until 1925 when he came to Sacra- 
‘mento, Calif., where he acquired controlling interest in the East Lawn Cemetery. ii 
=| As chief wagienee.2 and general manager, he con ntinued the development of the 
cemetery and the construction of its mausoleum until his death at the age of 81. wo" 
Always maintaining an’ active interest in engineering, Mr. Baillie was a 
- = - attendant at the n meetings of the Sacramento Section of the Society throughout ane 
_ twenty- -five-year residence in that city. — ‘He was a proponent of licensing for see 
engineers and, while in Oregon, had b been of the. State Board of 
.— was associated with many fraternal and civie activities, being a Past- 
bere] Grand Master of the Free and Accepted Masons in Oregon, a member of the 


try Club. © He also belonged to the American Society of Mining and Metallurgi- 


On November 21, 1905, Mr. Baillie wa was married to Jessie Ellen Perkins 1 who antag hi 
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ASA BARNES, M. ASCEY avant “yf Ine. 
Dump Are 5,1950 


Fred was born in Stockbridge, Mass., on June 17, 1876. ja His 
parents were Albert W. and Una M. (Thompson) Barnes. In 1897 was 
4 graduated from Cornell University at Ithaca, N. Y., with the degree of Civil }. 


ay 8 fore entering h his real life work of teaching, he spent four years in a variety of _ 


a “A D. C., and, later, in Cuba, working, successively, 
- inl oa Santiago, for the Ponupo Mining Company, and for Hugh Reilly, consu 
In September, 1902, he was appointed instructor in what was then the Col- 
of Civil at Cornell University, thus beginning a teaching 
_ administrative career that continued until his retirement in 1944. He was pro- 
moted to the postion of assistant professor i } and was ma ro 
_ of railroad engineering in 1915. In 1920 when the College of Civil Engineering — 
a the e School of Civil Engineering, Professor Barnes became ™* schoo ol’s 
director, a a ‘position he held until 1930. ae Tod Fob WH 
a oh _ ‘Throughout his many years of service he played a prominent part in solving 


‘Ss 


_ organizing many new courses. Professor Barnes was a joint author with Prof. 
i. Lee Crandall, A.M. ASCE, of two textbooks entitled “Railroad Survey-_ , 
ing” a d “Railroad Conan uction. ” He also wrote 1 many articles on n transporta- 

was an enthusiastic and active member of numerous professional and 
honorary societies, including Sigma Xi, ' Tau Beta Pi, Phi Kappa Phi, and Chi 

a _ He was an honorary member of the Steuben Area Chapter of the 
New York State Society of Professional Engineers, and a member of the Ameri-— 

ean Railway Engineering Association, the American: Society of Engineering 

ST and the American Association for the Advancement of Science. 
Be me his personal efforts the ‘Ithaca Section of the Society was founded in 
1932. He was one of its early presidents and his. enthusiasm and wine counsel 
- contributed i in a large measure to its continued successful operation. _ 
‘aa _ A remarkable characteristic of Professor Barnes was his ability to remember 

4 the names and faces of civil engineering oma For ‘many years | he kept up- 


to- -date a file of their addresses and oceupations. No member of the faculty did 


more to create and maintain a the alumni group and the 
4 


ca) aa the faculty, a highly regarded colleague. He will be kindly and gratefully 4 


“remembered for his genial personality, his warm ‘sympathy, his willingness 


4 ; + Memoir prepared by Romeyn Y. Thatcher, 


_ Engineer and in 1898 he received the degree of Master of Civil Engineering. Be- i 2 ¥ 


engineering positions—first, in the District Engineer's Office at 4 


professor in 1905 and was made full professor = 


educational and administrative problems and was responsible for initiating and 
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MEMOIRS OF DECEASED 
‘advise and help all who to consult him, and his loyalty. 
and t to the 


ed to Pleasant Valley, Conn. kn? 
ae On April 15, 1903, he was married to Bertha Lula Blaisdell. He i is survived | 
on by Mrs. Barnes; by : a daughter, Mary Louise Hall, also of Pleasant ‘Valley; and = 
by two grandsons, Nicholas B. and Stephen M. Eddy 
Professor Barnes was elected an Associate Member of the American Society 
of Civil Engineers on on December 7, 1904, and a ae on June 20, 1922. . He gut 7 


7) 


THOMAS RB RUPE BEEMAN, M. ASCE! 


DIED SEPTEMBER 27, 
gf ‘Thomas Rupe Beeman, the son of oe iniaais' and Susan Cornelia — 


the degree of Bachelor of Science in Civil 
His early experience was in railroading, including 
and outside responsibilities for location, | construction, and maintenance of r way. es 
_ He was first with the Southern Pacific Railroad and then with the “Milwaukee” — 
Road, advancing to district engineer. From 1914 to 1917 he was construction 
b hee * - In June, 1917, on the entrance of the United States into World War I, Mr. 
_ Beeman was commissioned Captain in the Engineer Officer Reserve Corps. His &¢g 
active service overseas included all types. of heavy « construction and 
which involved him in the following major operations: Marne (de 
. fense); Aisne- Marne (offense, including Chateau Thierry) ; 
Meuse-Argonne (offense) ; and Defense Sector. . Hev was also in the . Army Re- Nie 
serve Corps through World War II, as Lieutenant-Colonelh mee 
_ From 1919 to 1937, ‘Mr. Beeman served, successively, as resident engineer, 
way Department; county engineer, King County; con- 
= engineer to the Washington State Highway Commission; chief engineer, _ 
Regional Planning Commission of King County; and cit city engineer, 
— 1937, he moved to Pittsburgh, Pa., where he was employed by the patos 
burgh District, Corps of Engineers, U United States Army, as chief of the ~ 
locations Branch, handling the design, ‘negotiations, and settlements for altera-— 7 
tions to railroads, highways, and public utilities for the several 1 flood control otro] e 
Beeman was a member of the United. Presbyterian Church of Me. 
ame Lebanon, Pa., of the Society of American ‘Military ‘Engineers, and of three 
_ branches of the Free and Accepted Masons, in Seattle. 
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on October 1 1, 1912. ‘He became a Life Member in January, 1942. 


REUBEN FRANCIS BROWN, AM. 
a. Reuben Francis Brown was born on June 14, 1891, in Bay City, Mich., / and 
“there attended the public schools. Following a year's study at Oberlin 
(Oberlin, Mich.), majoring in engineering courses, he attended the CA. 
‘Training School at Chicago, Tl. where for three years he e majored in “phy. sical 
a training and secretarial work. He then enrolled in the International Correspond- 
ence Schools, studying municipal. engineering for several years. 
al On completion of his studies at Chicago, Mr. Brown returned to Bay = | 


& civ and for several years acted as physical training director of the Y.M.C. A. = a 


later filled a similar po: position at Jackson, Mich., for the Board of Education. 


; ae During World War I he held the rank of Master t Engineer i in the United ‘States 


and saw considerable action in France. gai tli 
Following the war he obtained valuable construction and experi- 
" ence working for construction and mining companies in and near Los Angeles, 


.4 “A ‘Los Angeles, in the Engineering Department, as a construction inspector. He — 
R _ wes subsequently promoted to assistant sewer maintenance superintendent (1934) 
superintendent of the Sewer Maintenance Division (1943), the penition he | 
held at the time of his death. wise edi mid “doin 


2 
His enthusiasm and energy soon found him active in city employees’ associa- 
til 
a 


as te Calif. ‘Later, i in September, 1922, Mr. Brown became affiliated with the City “4 


tion affairs as ar as an editor of, and a constant contributor to, the employees’ a 
gine. . He also presented many enlightening talks before civie and technical 


An outstanding aecomplishment was his inspeetion trip through | 


wer 
of better planned vepeins and improved operations. pot 1% 


Mr. Brown was recognized for of sewer r maintenance work, 


a long-time member of the aha’ was a 


a og _ member of the Atwater Lodge 622, being Master of the lodge i in 1926. He was 


a Knight Templar, a member of the Al Malaikah Temple of Los “Angeles, we 
me well versed in Masonic history. 


a Mr. Beeman was a Member of the. American Society of Civil 4 
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On August 23, 1917, he was married to Byrnina M. Gebhart. He is survived 
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Works Associations. He was also very active in the California Sewage Works 
ik 


: 
sions OF DECEASED 
September 12, 1923, was married to Anna Irene Hunrich, iat San 
Calif. ‘Besides his widow, he leaves a ‘son, ‘Donald W., and a daughter, Joyce 
Mr. Brown was elected an Associate Member of the an 


—_ 
Diep December 21, 1950 


Edwin Foster Coddingtos: born a farmer’s son at | Ohio, on 
June 24, 1870. _ His parents were James and Jane (Morris) Coddington. © To 


secure his education at Ohio State University, at he helped around 


in civil engineering (1896) as well as the degree of | Master of Science (1897). f wer 
- ty Following a strong interest in astronomy, Mr. Coddington became a Fellow 
- Lick Observatory, University of California, at Berkeley, continuing at the — ez 
Friedrich- Wilhelm ‘University in Berlin, Germany, where he received the degree oe 
a Doctor of Philosophy two years later, i in 1902. “2s For the following ‘thirty-nine 
years he served at Ohio State University, in the departments of mechanics and ~ 
engineering. After fifteen years as professor in charge of geodetic engi- 
‘neering, he was made professor e emeritus. During the period from 1915 to 1920 
he was acting dean of the College of Engineering. a 
From astronomy to ‘mathematics, to mechanies and geodetic surveying, 
proved himself a master. Students, practicing engineers, and colleagues found 
in him capable and assistance for intricate mathematical problems. Many 


of his summ odetic work, the government, — 


practice. He demanded of his students, and of himself, devotion to duty and 
conscientious attention to thoroughness and detail. In his home and social life er 
he was the same self-effacing gentleman as in the classroom. His devotion to his Piro 
family and justifiable pride in his foster daughter were characteristic. _ am 
Predominant among the bases of his character was faith—in his 
his ideals, his friends. With this was a determination verging at times toward a i so 

crusader’s zeal for the educational ideals of the university. Then too he had 


- 


an open- -mindedness and an intense loyalty to his principles, his frienda, and his 
ehureh, his infinite patience could not tolerate or intellectual 


most 
 suecesses, he helped t to create and then to serve in the Mapping and Charting i 
_ Research Laboratory at the university. | With his death on December 21, 1950, he i 
joined the ranks of those, all too few, who leave the world a little better off 
because they were a part of 
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wife, who was Cora Stoner before their marriage j in 1999, and by their aan a F 


a Dr. Coddington was elected a Member of the American Society of Civ il Engi- 
7 ‘neers on August 29, 1927. 


Code w was born in n Saginaw, , Mich., 0 on Bovember 38, 1865. 


_ From 1891 to 1892 he was assistant state engineer of Wyoming. He then 


“went | to Arizona as chief engineer of the Consolidated Canal Company as the 


Indian Service with headquarters in Arizona. He was also special agent on 


q 


Tn 1912 Mr. Code joined J ohn H. Quinton to form the ne i of Quin- Ps 
ton and Code for the practice of consulting civil engineering in Los Angeles, — 


0 Quinton, Code and Hill. Mr. Code continued as a member of this partner- 
- and also its successor, Quinton, Code and Hill-Leeds and Barnard, until — 
1936 when he retired from active practice. — During those years the firm handled — 

many projects in Canada and Mexico as well as in the United States, mainly i 
field vet hydraulics. Mr. Code continued epecialize in works 


problems of Arizona. Primarily an engineer, he was interested in the 
arts and civie affairs. He mins socially inclined and his sense of humor was 
a ‘He was also interested in finance and was a director of the California 
‘Bank of Los Angeles during the late twenties and early thirties. agape 
Ind 1893, in Bay City, ‘Mich., Mr. Code was married to Martha Dee, 
Mr Code w was elected a Member of the American Society of Civil ‘Engineers 
June 5, 1907. became a Life Member in January, 1936. 


-- 


Salt River Valley, and later served as superintendent of that company. — ‘From 
1902 until 1911 Mr. Code was chief engineer of irrigation for the United States 


| __ irrigation i inv restigations in Arizona for the United States Department o of f Agri- *] 


Calif. Two years later Louis C. Hill joined the firm and its name was cungel q 


wit 
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ge War ‘he 


inary Cazenovi ia, N. Y., for his se secondary et and for his 
me: _ training he attended Ohio Northern University in Ada, where he received the | 


‘Mr. Covert was in general practice of his profession from 15 1895 to 1902. 
various activities included : : Chainman, engineers’ office, Syracuse, | N. Y. 


general engineer and railrosd su surveyor, Chenango: Engineering 


Binghamton, N. Y.; ; surveyor for the Penn Yan, ‘Lake Keuka Southern 


i i Railroad in New York; and railw ay engineer for the Choctaw, Oklahoma and : 


a Gulf, and also the Erie, and the Delaware, Lackawanna and ‘Western 1 railways. he! 
surveys with Company B, First United States Volunteer Engineers, in Puerto 


. zis Rico. In 1902 he began a private practice in Binghamton. 


ae From 1902 to 1922 Mr. Covert was with the Water Resources Branch of the j 
; _ United States Geologival Survey. _ Later (1908) he was in Alaska, investigating ie 

water supply in relation to mining. . From 1909 to 1922 he was hydraulic 
neer with the department at Albany, N. Y., serving as district engineer of 
| New District and, for part of that period, of the New England District 

= 


During the Spenish-. American n War, he acted: as transitman on military r road 


In In August, 1922, he ties hydraulic engineer ¥ with W. and L. E. ‘Gurley, - 3 


instrument makers of ‘Troy, N.Y. ¥. From May, 1926, until his retirement in 
1948, he was in charge ¢ of the ¢ company’s ‘New York office. After leaving that 


‘position he traveled for same company in the New York-New 


also a member of the First Presbyterian Church of ‘Albany and No. 
of the Free and Accepted Masons in Binghamton. 


Mr. Covert ¥ was elected an Associate Member of the American Society of Civil Five wv, 


Engineers on July 1, 1909. He became a Life Member in January, 1943. ye Boe 


Memoir prepared by Paul Paul H. H. Underwood, ASCE. 


On August \ 1901, he ¥ was married to Mildred Edith Birdsall, who survives a 
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‘Mr. Covert was the author of Geological Survey government publications on 
“Surface Water Supply” in New York, New England, and 
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MEM ; ov. DECEASED ‘MEMBERS 
WILLIAM CANTRELL CURD, M. 


William Cantrell Curd, thes son of Will and Belle (Saunders) Curd, 
born on May 28, 1880, at Somerset, Ky., and attended p ublic school there. For 
_ three years (1899 to 1902) he pursued engineering studies at P Pande University i in 4 
fen After four years of railroad work, Mr. Curd was employed by the Missouri ~ 
Pacific Lines in St. _ Louis, Mo., and served as assistant engineer and drainage 


engineer from 1906 to 1917. Following this period, he v was engaged as con- 7 


AS 


- tracting engineer on the sales o of water dev elopment services and equipment ; with 
_ headquarters at Memphis, Tenn. In 1919 he moved to Chicago, Ill., and opened — 
arr office as consulting engineer: specializing in water ‘supply, sewage disposal, 
= =< drainage, flood control, and related projects. “This work was discontinued in 1924 
when he organized a construction company, serving as vice-president and chief 
engineer until 1933, when he again entered private practice, 4 
Mr. Curd subsequently served as public relations officer and engineer | during 
the construction of the Grand River Dam, near Vinita, Okla. (1939-1941); : 


office manager officer on the construction of the ‘St. Louis 


_ He was research engineer and analyst for the Association of American Baile 
fy: Gai at New York, N. Y., from 1943 to 1945. In 1946, he returned to Chicago — 
_ to accept an appointment as railroad specialist for the Chicago Plan Commission 
Pa Rs where he was active in handling railway terminal problems prior to his death. 


officer on the Milwaukee Ordnance Plant (1942-1943) Sear ob 


eave 


_ Mr. Curd was a registered professional engineer in Illinois, a member of the 7 
‘Western Society of Engineers, and the American Railway Engineering Associa-— 


tion, on whose roadw ay committee he served from 1909 to 1922. tenga: 
Aue oe His death was a great loss to his many friends. He is survived by his widow, — a 


Mr. Curd was a Member of of the | Society of Civil E E 


June 11, 1917. He became a Life Member in January, 4 
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rr: 1 Memoir prepared by Charles P. Richardson, M. —. 
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born in Boone, Iowa, on March 31, 1875. After being graduated from the local a 
— 


school he became interested in engineering field work, and. studied, 
special tutors in civil and hydraulic engineering, = 
* Early in his career Mr. Feller held positions in Mexico and Alaska in : railroad ; 
work. In 1906 he settled in Spokane, Wash., where he operated his own engi- & 
neering company, covering numerous bridge and water works projects. _ Follow- a 
- ing 8 service in the United States Army during World War ] I, in | which | he served =. Oe 
overseas as Captain of Engineers, he was supervising engineer for Spokane Peis 
Sigheay, for a brief time and then he ‘became construction engineer for the Towa a oe 


High 


o: as construction | engineer and for the last five years, 1930 to 1935, as spe 
_ intendent of the Department of Public Works. The first part of his superin- _ ‘a 3 
ae tendency was marked by a large program of capital improvements and the latter cae 
by the introduction of Temporary Emergency Relief Administration pro 
including construction of the Municipal Airport and transformation of ‘the 
city dump into the Newman Municipal Golf Course. it 9 
After leaving the employ of the ¢ city, he opened an office for private engi- 
ie neering practice in Trumansburg, near Ithaca. Later, he was attached to the 
om Corps of Engineers, U. S. Army, engaged in flood control studies and installa- 
= tion, with headquarters at Syracuse, N. Y. For the three years immediately 
_ preceding his death, Mr. Feller served the Finger Lakes State Parks Commis- Pe if 
as engineer in charge of construction work at Fair Haven Beach State 
a? January 7, 1920, he was married to Ruth Marjorie Townsend. He is, .s as 
sane by his widow ; a ‘son, John (of Ithaca); a daughter, Mrs. J. woe 


Mr. Feller was elected a Member of the American Society of Civil Engineers 


on 2, 1914. became a Life Member i in January, 1946. 


ELMER LEROY FERGUSON, A. M. 


ash ‘Diep Mancm. 28, 1951 


ma Early in his career he taught school in South Dakota after attending the pote, 5» = 
sity of North Dakota at Grand Forks. He a attended Iowa State College at Ames 
1914-1915 and later became assistant county engineer at Sioux City, 
os al Mr. Ferguson then worked for several well- -known engineering firms in Sioux — 


ed | Gity and Kansas City, Mo., designing and supervising the construction of drain- = 


> 
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County as bridge engineer for four years. 4 
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Soa eaivegeba es a period of one and a half years during World War I while. he 
la served 1 with the United States Army in the Field Artillery, advaneing to the mal 


f _ From to 1934 Mr. Ferguson engineering independently in 


beginning as a resident engineer and inspector on water works and power ¢ con- 
struction. He later held positions of examining engineer and squad chiéf in the ‘- ; 
regional office at Fort Worth, Tex, 
_ During the emergency period prior to World War II Mr. Ferguson was en- 
— gaged as office engineer for Brown-Bellows- Columbia Contractors on the Naval 
Air Base project at Corpus Christi, Tex. He was in . charge of estimators and — gs 
draftsmen on the engineering construction for this basen 
July, , 1941, he returned to the Federal Works Agency at Fort Worth 4 
where he chief of the engineering section in the regional office. He 
continued to serve in this capacity through the several reorganizations of the — 
“+4 agency until his s death. tea ‘hari wd ed? 
ts ee ‘Ferguson was a member of the First Methodist Church in Fort Worth q 
- and sang in the men’s choir. He was active in the local affairs of the Society . 
— was a Past- President of the Fort Worth branch of the Texas Section. w Mod 7 
ane Pe. a... He was married on n September 9, 1939, to Carol McDowell, who ) survives | him, q ef 
z a Mr. Ferguson was elected an Associate Member of the American Society 4 
Civil Engineers on October 15, 1923. a 


RAYMOND FRANGIS FLETCHER, ASCE! 


where he spent the first two thirds o of his life. “the 
schools and the Philadelphia Trade School. His engineering training was re- _ 
ceived at Drexel Institute of ree from which he was err a thant 
tural ‘engineer i in 1928. 


ra design firms: Ballinger Company, Clarence E. Wunder, Ritter and ani 
- Gravell and Duncan, and Fred W. Abbott. He then left Philadelphia and, until 
mE death, was employed in the Design Division, Engineering — Department of “ 
du Pont de ‘Nemours and Company in Wilmington, Del. Most of his 
sign work was on - chemical plants and buildings, but it also ineluded site de- 


= transportation facilities, sanitation, and process-waste neutralization 


Memoir prepared by George W. Dutcher, A. M. ASCE. aA 
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‘eivil engineer, ‘eonducting all the corresponding design work for the 


Rayon Department of the du Pont Company. Notable among the projects ae 
handled were the new Nylon Plant at Chattanooga, Tenn., the Olin — 3 


~ Cellophane Plant at Pisgah Forest, N. C., and phases of the Atomic Energy 


‘oe Mr. ‘Fletcher was a registered engineer in in the ‘states of t Delaware, New Jer 


of Holy Trinity Church, in Wilmington, and a member of the Free 


_ Surviving are his wife, who her marriage was Janet Weir; a son, 

‘Mr. Fletcher was elected a Member of the American Society of 


el 


‘William McLaurine Hall, ‘the son of David and Mary (MeLaurine) 
was born in Fayetteville, Tenn., on March 1, 1860. was a member of 
| Beit: the class of 1881 at the United States Military Academy at West Point, N.Y, + 
1 i but returned to civilian life as an inspector on the building of the West Shore bias 


and Buffalo Railroad. Fora a périod he was chief engineer on the New Croton — “4 2g 


+ oe Aqueduct | for New York City, but largely he did construction work for the West “ 

Kid Shore and Buffalo, the South Penn, and the Norfolk and Western railroads; then ae 
in 1893, he joined the United States Engineers and remained in federal employ = ae 
jo 


=, — On the Rough River in br acepte he built what is believed to be the first 


locate bed rock; ; the ¢ anchoring < of concrete masonry to bed rock; the design of ies 
a new bear-trap weir for controlling the pool stage above the dam; and the 
effecting of a new type of lock power plant. These ‘methods are now standard 
; practice. i Mr. Hall had full field charge of building sixteen Ohio River locks cea 
Pts and dams. By an act of Congress he was retained in service beyond retirement — 
age and served as chairman ofa commission “whose report was enacted into a law 
7 ze under which government appropriations are made for flood control. ae 


> — While Mr. Hall was a member of the 1e Parkersburg (Ww. ‘Va. ) Water Works — 
in | 1907, the controversial experimental river bed sand infiltration — 


, of ft Lock and Dam No. 18 on the Ohio River were the use of a core drilling to 


Pa 


, 


Memoir prepared . Settle, M. ASCE. 
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ae of monolithic conerete. = 


one. built. He a on subject* which w was ‘only 
es one of several ‘papers and many discussions he contributed to the Society's — 


“9 For notable service in the field of engineering Mr. Hall received the honorary it 


it degree of Doctor of Science at Marietta College, Marrietta, Ohio, in June, 1947 d 
He was a charter member | of the Parkersburg chapter of the West ‘Virginia ag 

a Society of Professional Engineers and a member of the First t Presbyterian Church _ 

In June, 1886, he was married to Jean Agnew Crawford at Chambersburg, — 
Se ih Pa. “Mrs. Hall died in October, 1908. Survivi ing are a ‘brother, David Hall; Pali 
daughter, Eleanor 8. Hall; two sons, Allen and Wither, Hall, Jr.; six 

4 ae Mr. Hall was elected a Member of the American Society of Civil Engineers « oO 


6, 1893. és He became : a Life Member in in J january, 1928. 
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Preston born on May 28, “1895, at 


at and the of "Wisconsin a at Madison. 
For: a short in 1918, Mr. Harness was employ ed by the Tennessee | Iron 


‘Mobile, -» prior to entering nilitary service. He served i in the Quartermaster 
Corps of the ‘United States Army during World War 
he became associated 
th 1 The Jennings-Lawrence immediately after his discharge 
army | service and stayed until his death with this ‘organization, whose business 
included surveying and civil and municipal engineering. He was first employed — 
asa draftsman, in 1926, general manager in ] 
_ Mr. Harness was ws personally. ‘His judgment and his advice as 
wee engineer was often sought. _ However, it was in the field of public affairs 


that he was best known and _Mr. ‘Harness was” active in many 0 


neers, | the Young Men’ 8 Club, “the Brookside Golf and Country Club, 


“The Water Supply of Parkersburg, W. Va.,” by William M. Hall, ‘Transactions, ASCE, 4 


a by Walker, M. ASCE. 
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and the Board of ‘Trustees of Mt. Carmel Hospital; (pila -president of the Rag 
i ‘neers’ and Athletic clubs of Columbus; director of the Columbus Chamber of re 
Commerce, Columbus Builders’ Exchange, and Columbus Town Meeting; and 
an organizer of the original Franklin County Planning Commission (for which . 
he was secretary) and of the Joint City-County Planning Commission which — — ae 
succeeded it. He was a devout member of St. Stephen’s Episcopal Chureh, hav- 
served the church in many official positions. gory 
.  _—He not only belonged to these many organizations but he gave freely of his. 
time and | efforts. Because o: of hi his intense interest in community planning, he ap- 
peared ¢ on many radio programs to speak. on its behalf. His passing was 
i Z ognized by half-column- long editorials in each of the three newspapers of Co- nae 
; Mr Harness used his prestige to ) advance public w welfare, ne never for his own 
75 a - personal honor. He believed that service to his community as a layman was 
‘more effective than filling an elective office with its resulting public acclaim. 
We On August 15, 1918, he was married to Hattie Belle Spoehr. He i is Senne 
by his widow; one son, Albert Preston Harness, III (J. M. ASCE), who served 
a _ in World War IT; and a grandson, ‘Stephen Dallam - Harness. Also surviving de 
are his mother, an and two nieces. a he toaia boowls: 
_ Mr. Harness was eleeted a Member of the American’ Society of Civil Engi- 
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Fred Willis H aselwood was born in Milford, Nebr., in 1880 
to eleven years later. After being graduated with the degree of 
ay of Science from Kansas State Agricultural College at Manhattan i in 1901, he did 


"graduate | work, with special emphasis. in 1 hydraulics, at Stanford Univ at 


al His early work, beginning in in 1903, was mostly railroading for the Western 
"Pacific, ‘the Santa Fe, and again, from 1904 to 1909, , for ‘the ‘Western Pacific é 
‘Railroad on location and as resident engineer. "Following an interval of private 


practice and one of investigating water rights for the | California State 


Office, he started his real life work ‘early i in 1912, with the California Highway ae 


‘First Mr. Haselwood was assistant engineer in District I at Willets, then in 


1933 in the bridge ‘departmen ‘on investigation and | ‘construction. In August, 
, Mr. Haselwood became division engineer of District III at Sacramento and 


1929 returned to ‘Distriet I at Eureka, ‘until 2 1932, Ww hen h e was: 


tet) ror 


= 
4 
a 
vo 
— 
a 
— 
— 
— 
‘ 
4 
= 
> 
4 


to Redding as district engineer of District II, which ‘comprises the 


a seven northeastern counties of Colifornia. He remained until his retirement 4 


of of miles of modern highways which as a monument to his 
‘efforts. _ His progressive thinking and inherent ability to foresee the needs of — Es 


= 


3 


Leslie Hemmest was born on December 1, 18 1895, in ‘Thayne, 


the future, coupled with the stren ength of his err tttcah made his work out- q on 


of his ‘accomplishments was the Oregon Hill location in 


monitors. Even this required five years of work to move ten million 

_ Another famous exploit was a seventy-mile location along the Feather River, ; 
miles of which was in solid rock canyon requiring three tunnels. These and 
call many other long stretches of modern highways remain as constant reminders e% 
ae his service to the people of California, not only as an engineer but as an ‘indi- 
fait Mr. Haselwood was elected a Junior of the American Society of Civil Engi- 7 
o _ ‘neers on January 3, 1907; an Associate Member on September 6, 1910; and a 4 
Member or on A pril 17, 1923. ‘He became a Member in J anuary, 


lived there until 1917 when he entered the United States Army. 
se : __ Overseas Mr. Hemmert served as a member of the famous Rainbow Division. a 


1 ee In 1920, he moved to Idaho and there entered the University of Idaho at “a 

Moseow, receiving ig the degrees of Bachelor of Science in 1924 and Master 
4 Science in 1927. In addition to the usual engineering course, he became inter- a 

ested in materials testing and ‘gained considerable experience in such work. 


‘During vacation hogs he was employed on various engineering projects in 


ay 
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ae _ the State of Idaho and as instructor in civil engineering at the university. In a aa ” 
oan 1927 he became a junior highway engineer in District No. 12 of the United 3 om Are 
7 States Bureau of Public Roads at Ogden, Utah. Part of this period was spent 
on projects in Zion National Park in southern Utah - 
; 
—— 


4 1950, he remained in this work, attaining the of supervising 
and research engineer. 26 hax mia, Diss. ige ws to 
s In his daily work, a variety of problems constantly arose and these Mr. Hem- Ke 
et handled with skill and diplomacy to the satisfaction of both the manufac- “a ia, 
turers of materials: and the engineers with whom he came in contact. He lef left 
He was a member of the Bociety’s Sacramento Section; ; the honorary engi- - ey 
neering society, Sigma ‘Tau; the American Road Builders’ Association ; and the aa poy 
a - Military Order of the Purple Heart. He also held membership in the Rio ae 


— * Hemmert was elected an Asscciate Member of the . American Society of es 


(or | 


Hidinger, the ‘son of John and Lydia (Walters) Hidinger, 
was born on a farm near Prescott, Adams County, Towa, on May 19, 1879. He 
mae _ attended Iowa Business College in Des Moines and Iowa State College at Ames, i ol 
_ where he was graduated i in 1906 with the degree of Bachelor of Science in Civil © ‘ae 
Engineering and from which ‘college he received the degree of Civil — 
" as _ On being graduated he was appointed drainage engineer in the United States _ 
Department of Agriculture, participating in surveys, investigations, and reports 
on drainage and flood control i in half a ae ‘states and. on ee: of the 
In 1910 Mr. Hidinger and Arthur ‘Morgan, M. ASCE, the 
M 


offices. In 1943 he sole owner the “company. He 
vice- president of the Dayton-Morgan Engineering Company. 
= During his lifetime Mr. ‘Hidinger was actively engaged in flood control, ‘drain- 5 es 
a age, irrigation, and highway projects i in twenty four of the states inv olving more *% 


than 150 projects and expenditures of more than $200,000,000. 


— 
i = April, 1930, Mr. Hemmert reported for work with the Califo 
was laced in ch testi mento. He 
arge of all testing and inspection on steel and other metals : La, 
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ie a) investors, bond underwriters, and railroads, as well as the Tennessee Vall alley, 
Authority; the National Resources Planning Board, , and the U. S. Department 
cae Agriculture. Mr. Hidinger was a member of Tau Beta Pi, the American In- A 
a stitute of Consulting Engineers, the National Panel of Arbitrators, and the En- ia 
pit _ gineers’ Club of Memphis since its organization in 1914. He was active in 
St. John’s Methodist Church of Memphis, and served as chairman of the panel y 


as a member of the Board of Stewa rds there for more | than twenty 


years, and as a member of the Board of Trustees 


“Until his | latter years he ¢ owned and operated a large cotton plantation 
Arkansas 1 near Memphis, near a community center bearing the abbreviation 


In the Society he was a member of the Constitutional Committee (1920- 
oa Me 1921), the Committee for Registration of Engineers, the Executive Committee < 
@ ws the Waterways Division, the Joint Committee on Floods, and the Committee on 
& Cost Allocation for Multiple Purpose Water Projects. He was a member of io -* 
5a: a Board of Direction from 1936 to 1938, and served on the National Water Policy a 
Panel of the Engineers’ Joint Council and as chairman of the Committee oa 3 . 
‘Land Drainage. He was a charter member and Past-President of the ‘Mid- a ml 
‘South Section of the In 1942 he was awarded the Marston Medal of 
Se 1911 Mr. Hidinger was married to Anna E. ae She died in 1921. 
_ He was married in 1925 to Olla V. Johnson who, together with a son, Leroy all , 
“He was regarded as the dean of « engineers | in the Mid-South Section, a Chris-_ 
tian gentleman with an uncompromising fidelity to principle, fearless in the dis- + 


x . = of his duties, high in the ranks of his adopted profession, and a sincere — 


| 


_ friend and valued counselor to all those who sought his advice. He was active ’ 
both professional and civic affairs up to the day of his death. zn atl 
aes. _ Mr. Hidinger was elected an Associate Member of the American Society of 
Civil on 4, 1910, a | Member on 18, 1916. ser 
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iM ih Cleveland Law School i in 1932 with the degree ° 
a member of Delta Theta Phi Fo 29, be | 
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specializing i in planning, and’ engineering and: property 
During the following ‘three: years Mr. Jones acted as “resident ‘engineer 
‘speetor for the Public Works Administration (PWA) in Ohio and ‘Michigan. 


bus, Ohio, : and Chicago, Til. ‘He left the PWA in 11940 to ‘act as engineer for the 
_ sewer and water facilities at Camp Grant and at Scioto Ordnance Plant for ao" : 
Holabird and Root, architect- -engineers of Chicago, : and as central engineer during 
- Camp McCoy planning survey for Mead, Ward and Hunt of Madison, Wis. ad 


1943 Mr. Jones established his ‘at Columbus, 


aerial mapping. A atiogai'? to doi ¢ 
_ Mr. Jones was s always interested in civic problems a as well as in furthering t the 
standing of the engineer. He conducted his in a highly efficient 
ethical manner, and will long be remembered by everyone of his large circle of ean 
 aequaintances as a dignified representative of the engineering profession. 

Jones held membership in the American Water Works Association, the 
National Society of Professional Engineers, the American Congress on on 
». and Mapping, and the Columbus Chamber of Commeree. He also belonged to 
the Ohio Society of Professional Engineers and was president of the Franklin 


On July 17, 1937, he was married to Jean Logue Parker, who, with their 


_ children, Sandra Allerton, Michael Germain, and Mark Tuttle, survives him. 
ee Jones was elected a Member of the American Society « of Civil Engineers ie 


{ 


from the United States Military Academy at West Point, N. 


in 1920, ue served as Second Lieutenant and First Lieutenant in the Corps ‘of 
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elalized in aerial, tax, an P d apers in connection with surv 
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| 
Engineers and did graduate work at Rensselaer Polytechnic Institute at 
> NY, , receiving the the degree of Civil Engineer in 1922, 
i military service in March, 1923, Mr. Knappen devoted the next few 7 
y. = toa number of projects in California, » one of which included the position a 
¢ of resident eng engineer for the Nevada Irrigation District. In 1928, after five years 
Pal of ‘such valuable hydraulic design and construction experience, he he rejoined the 
es Corps of Engineers i in a civilian capacity—first as area engineer on Mississippi 
oe River flood control, Memphis District ; then as chief of the Engineering D Division 
4 “fort the Muskingum Flood Control Project i in Ohio; ‘and, { finally (1936), as of 
the Flood od Control Section for the N North Atlantic Division. 
August, 1937, he j joined Parsons, Klapp, Brinckerhoff, and 
engineers of New ‘York, N.Y, as engineer-manager of their Caracas, 
< ‘Venezuela, office, designing ms many port, water supply, irrigation, ‘and flood con- 
ae trol projects. . He became a partner in J January, 1941, and for the fin firm directed q 
design of United States military bases in the Caribbean. ak, 
aa baw Mr. Knappen’ resigned in November, 1942, to establish his own consulting 2 
offiee which later became the firm of Knappen Tippetts s Abbett McCarthy, En- q 
‘gineers. Of the firm’s numerous design projects, all over the world, typical 4 7 


eal Were port improvements in Greece, Vi enezuela, Israel, and Sumatra, as well as at 
_ Philadelphia, Pa., Baltimore, Md., Buffalo, N. Y., and Miami, Fia., in this coun-— a 


hydroelectric and irrigation projects in Turkey and Haiti; the Pine Flat 


a 2 vehicular tunnel i in n Buenos Aires, pedal; a subway i in B50 Paulo, Brazil; 
and a highway and airports in In all these Mr. was the 
was brilliant an and foresighted. His writings on soil mechanics and flood 
pis 
control were » widely read. Only too well he realized American engineers 
should | meet the challenge of engineering service abroad and for his 


«His ‘splendid personality and convincing expression of ideas, together with his 
"ae business sense and tireless energy, were the secrets of his great pro- 
fessional jal success. pa He was a member of numerous organizations including the 
Bes ae Institute of Consulting Engineers, the New York State Society of 
Professional Engineers, the American Geophysical Union, the American Rail- 


way Engineering Association, and the American Concrete Institute. His social 


f 


organizations were the (N. ¥.) and Cosmos (Washington) elubs, 
Surviving are his widow, the former Georgianna Ferguson; three minor chil- 
- dren, Theodore Compton, Georgianna Cross, and Nathaniel Ferguson Knappen; 


also, a sister, F Phoebe - M.; and two brothers, Judson and Andrew Knappen. _ ir 


Mr. _Knappen was lected a Junior of the American of Civil, Engi- 


, 1929; and a Mem- 
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m the Massachusetts Institute of "Technology and Uninet’ 
Bo ares and Cambridge, Mass.) in 1917. He was a member of Alpha Tau Omega ~ 


_ After serving for eighteen months in World ‘War ITasa commissioned officer, 
vas employed by the Bethlehem Shipbuilding Corporation. Later he 


¢ lowing this employment the partnership of Steel and ‘Lebby heer formed tor the 
tk ant {} 
design” and construction of bridges, and for eleven years: this” was a highly 
1935 with ‘construction at low ow ebb, Mr. Lebby worked for the 
Valley Authority (TVA) as a construction and maintenance superintendent 
iy i the Wheeler Reservoir area. His executive ability was soon recognized and with we 
the retirement of the director of | the construction and maintenance division, | Mr. Fes ‘ 
Lebby was appointed to to head this department. He held this position at his death. 
In golf he ‘was in his avocational element | and found one big energy outlet. 7 
4 In faet, it 1 was while playing this favorite game that he suffered a fatal 
attack. ‘He lived fifty-five years of a rich and abundant life. His South > ae 
Carolina « chivs alry, i in the ballroom or on the meanest construction project, ‘never ey 
him. His booming voice and jovial laugh were synonymous with gather- 

ts ings of the Society or or the TVA. ‘His ability a as a raconteur was inevitably put to bee 5 a E 
ee the test, and never found d wanting. “He was sociable; he worked hard and | he a 4 


Mr. Lebby to Engineers Club, the Free and 
Si cepted Masons, the Shrine, the Chattanooga Golf and Country Club, Lookout 
Mountain Fairyland Club, and Lookout Mountain | Presbyterian Church. 
ade Always active in Society affairs, Mr. Lebby w: was President of the » hanson 
Section i in 1945 and of its Chattanooga Subsection in 1944. 
® On December 18, 1923, he was married to Betty Moore Jordan | of mes. Nig! ‘ 
Miss. He is survived by his widow, his mother, a brother, and a sister. = Pr. 
Mr. ery! was elected a Member of the American Society of Civil Engineers bet 


@ 
_on June 23, 1896, in Summervil 
| 
— 
4 barked On @ construction career in MISSISSIPpl under the name OL Willams and 
4 q a4 y Engineering Service. Mr. Lebby then entered the firm of Morgan and et a 
4 { 
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MEMOIRS OF DECEASED MEMBERS 
TERRY JENCKS MAHAFFEY, AM. ASCE 
J Mahaffey, the son of Robert a1 Jessie (Cassidy) was 
s born on June 12, 1904, in the small town of ope capyd in Central Pennsylvania, 


founded an 


named for grandfather. There’ he attended the public 


‘He then accepted a Position in ‘the. offices. of the Pennsylvania Department of 


+e the organization with whieh he h had Spent summer vacations as in 


spector on construction. — Yielding to the urge to do construction work he spent — 


yy eleven and a half years, beginning in J June, 1926, with the Virginia Highway 
‘_ Department, advancing through the successive stages from inspector to resident 
4 engineer, in charge of construction and maintenance for a number of counties. ~- 
j ae abd During this ‘period he grasped the opportunity of night study offered by | ‘the 
Ae city of Richmond » Va. —at the University of Richmond, the Richmond Profes- st 


sional Institute, and the Virginia Mechanics Institute. was an avid student 


bent on bettering his his engineering knowledge. 
=a dire In ‘the fall of 1937 he accepted the position « of town engineer of Franklin, ; 
Va, an and after four years of successful work 1 was called to Henrico County, Vir- = 
ginia, as county manager. This work near ‘Richmond also enhanced his reputa-_ >. 
” tion, so that in 1943 he was ‘offered and accepted the attractive post of ¢ city man- a> 
_ ager of Durham, N. C., which he held for three years. ‘Mr. Mahaffey then 
ae returned to Virginia : and achieved his lifelong a ambition of purchasing € 
farm, ‘settling in Chesterfield County. This enabled him to become 
director of the Virginia Road Builders’ Association (an affiliate of the American 


Road Builders’ whieh position h he ‘filled witl marked success until 


tie 


=. 


fs 


Association, Rotary Club, ‘Free and "Accepted Shrine, 


Mr. Mahaffey was elected an Associate Member of the American Becety « 
Civil Engineers on | August 18, 1! 1941. 


us 


Memoir prepared by C. ‘S. Mullen, M. ASCE. 18, = 
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‘William ‘Lindsay Mal Malcolm, the son son of George and _—_— (Milligan) Mal- 

colm, was born at Mitchell, -Ont., Canada, on February 2, 1884, When com- 
his studies at Stratford Collegiate Institute, of which his ‘father had been 
-vice-principal, he received a scholarship to Queens University, Kingston, On- Fs 
take from which institution he received the degree of Master of Arts in 1905, and — 


a the Bachelor of Science degree i in 1907, with a gold medal in mathematics. ow = 
a nee. remained at the university as assistant professor of surveying, and fol- 
| wing World War I (1919-1938) he was appointed professor of ipa 
ngineering. _ Meawhile, as occasion offered, he was engaged in professional work 
a Stratford, and served as associate city engineer for Guelph, Ontario, and 
also in a professional capacity under the firm name of Maleolm and Rudd 
cee Guelph. For the latter he designed and built the stadium and skating rink at 
ae: _ the university, and planned and supervised the erection of an up-to-date ie 
the outbreak of World War L Professor Malcolm volunteered with the 
Canadian Expeditionary Forces, being commissioned Captain: of Engineers. ee, 
é Lag - During service he wa was promoted to ) Lieutenant- Colonel and was twice cited for’ 
P - gallant and distinguished field service. He remained in the Canadian Engineers _ 
While still at Queens University, he | undertook graduate w work at Cornell | 
a University, at Ithaca, N. Y., receiving the degrees of Master of Civil iecaaieat 
or ing in 1934 and Doctor of Philosophy i in 1937. In 1938 he accepted the ap- - 
be pointment of director of the School of Civil Engineering x at Cornell, which | 7 
sition he held at the time of his death. Yo off Yo baw 
a a. As an undergraduate Professor Malcolm was a member of the football team 
and later was coach for intercollegiate football and hockey. ‘He ‘excelled in tennis 
_ and badminton, and was twice Ontario Senior Doubles Champion. He served as 
ied - president of the Ontario and Canadian Badminton Association and was a mem 
a i? of the Ithaca Golf and Country Club, ‘and the Ithaca Badminton Club. 
_ Seholastically he was honored by the election to Chi Epsilon (civil engineer- 
Phi Kappa Phi _(“superior scholarship and character”), Sigma Xi 
search), and Tau Beta Pi (engineering) fraternities. He -eonstantly exempli- 
fied their ideals throughout his professional life. 
Professor Malcolm was always professionally minded— —he carly for 
Ontario land | surveyor and Dominion land surveyor. or. He advanced through all maak, ‘ 
e grades of the Engineering Institute of Canada, and was chairman of the Ms 
and represented it on the Institute’s. Couneil i in 1930. He was So 


"Section of which he was President in 1944. He also held membership it in the 
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interested in work the Cornell Student (Chanter ond the [thas 
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Memoir prepared by Charles L. Walker, M. ASCE. — 


of Engineering the New York State Sewage Works 
_ Association, t the American Waterworks Association, the Ontario Land Surveyors — 
—-— of Professional Engineers, and the Society. y of American Military 
On September 2, 1933, he was to Margaret Elizabeth Murray, who 


Professor Malcolm was a Member of the of Ga 


_ EDWARD BROMLEY MAYER, M. ASCE: 


‘Edward Bromley Mayer was born in Hartford, Conn., , on n December 5, 1800. 
re . | His early life was spent in City Island, N. Y., and San Diego, Calif., his family 
: having moved to San Diego ix in 1906. 

After being graduated from high school in 1 1910, he worked as a -Todman, 


a a and finding « engineering work to his liking, he pursued a a correspondence cot course 
a in civil engineering from 1911 to 1914, and later a course on reinforced eonerete 
design. followed surveying work on ‘Subdivisions and industrial 
in San Diego and the Los Angeles (Calif.) harbor area. _ ing. “sth 
“ .: Mr. » Mayer entered the employ of the water system of the Department of 

me Water and Power of the City of Los Angeles i in 1916, serving as instrumentman 
ie an and draftsman until 1923 when he was appointed chief draftsman ay 1925, ne 
File organized a new engineering cost division, designing budget control and ex- 


_-penditure authorization ‘systems and reclassifying accounts. This work ‘con- 


7 


Pe es tinued 1 until 1932 when he transferred to the Executive Office as an all 


; he a assistant, » in which position he he assumed i increasing responsibilities until his death. 
i> 
on Mr. Mayer \ was a member of the American Water Works Association s since 


3 1929 and a registered ‘civil engineer in California. In 1929 he le- ‘ 


mented his. education with a course in law 2 at Southwestern University at 


i On June 28, , 1917, he was as married to Edith | Morgan in Los Angeles. me 
idow and two | sons, Morgan and Donald, survive him. gud od 
a Mr. Mayer was elected an Associate Member of the American Society of Civil — 
x on April 18, 1927, and a Member on February 10, 
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ba Richard ‘Hubert P was born on May: 21, , 1887, at Fort Madison, Towa. 
‘He received his engineering education at the University of Iowa at Iowa City. aa = 
“entire lifetime was devoted to ‘training and professional work in Towa, 


Following survey and construction work on hydroelectric projects at Keokuk, 


Towa, for Stone and Webster - (1911-1912) ‘and surveying in Lee County, Towa, a 
a and Henderson County, Illinois, he spent the succeeding years, 1915 to 1932, on Pa = 
various phases of highway work for a number of employers: Illinois High- 
ca way Department i in Springfield ; Vermillion County, Illinois; the Kansas High- at a 
; = Commission in Topeka; the Barrett Company (consultation work); the a a 
- Federal Aid Roads Project in Shawnee County, Kansas (as resident engineer) ; ys a 
and the Kansas Highway Commission (as construction: engineer and right-of- agi 


é & From 1933 to 1941 Mr. Pennartz was superintendent of the Civilian Conserv: 


; per then from 1941 to 1945 was a construction engineer for the Long- Manhattan 
——— Construs ction Company, working i in Fort Riley, Kans., and Tulsa, Okla. _ Begin- 
ning in 1945 he was assistant engineer for Wyandotte County, Kansas, 
_ his headquarters in Kansas City, Kans., where he died. 
_ Mr. Pennartz was a registered engineer, a member of the 
4 _ Engineering Society, and a charter member of the engineers’ clubs of Topeka nage? 
Py and Kansas City. In 1924 he was president of the Topeka club and in 1928 e* 


President of the Society’s s Kansas State Section. 
_ His genial personality will be greatly missed by a host of friends among ae ia 
engineers and others in the construction industry . He is survived by his wife, — ie 
Lola H. Pennartz, and by a daughter, Mrs. Donald E. French, of Manhattan, al 
Mr. Pennartz was elected an Associate Me Member of the American Society of 
FRANK ALFRED RANDALL, M. M. ASCE? 


Frank Alfred R Randall, the s son Samuel Benjamin | and J Anna Louise 
in born at Cambridge, Ill., on November 1, 1883. He was graduated from Pa 


Memoir prepared by F. W. Epps, M. 
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a he University of Tllinois at Urbana i in 1905, : as valedictorian, wi with the ania ot 
es Bachelor of Science in Civil Engineering a and received the degree of Civil Engi- 
His professional life w ork j in Chicago, Ill., was devoted to structural engineer- 
ae bed _ He was an employee of the American Bridge Company, of th the “Milwaukee” 
4 BS ia Railroad, ‘and of the Chicago 0 Sanitary District. He was a partner r of Randall and 4 
Warner and of Berlin » Swern and Randall. From 1923 he conducted his own 
oa’ 6 “consulting office, known since 1947 as Frank & Randall and Sons. ‘His o office 
prepared structural plans” for monumental buildings in Chicago, 4 
(Minn.), and Oklahoma City (Okla). bar yorum 
Locally he he was consultant fo for the Chieago Park Distriet from 1935, for 
"Department ‘of ‘Subways and | Superhighways; and from 1938, for the Outer 
Drive Improvement. He served as building commissioner for the Century: of 
Progress Exposition and as chairman of the following : Structural 
mittee for the Chicago Building Code, a Joint Committee on Soil Mechanics and 
= Cn Foundations, « and the Underground Construction and Dispersion § Sub-Committee 
Sa of the Chieago Civil Defense Corps. ad Mr. Randall was a member of the Column 
Re Research Couneil and of the Board | of Education of Wilmette, 
Hoe em Besides many articles in the technical press, Mr. Randall wrote “History of a : 
the Development of of Building Construction i in -Chieago” and a genealogy of 20,000_ a 


a ae names entitled “Randall and Allied Families.” He held membership i in more q 4a 
q it than twenty- -five engineering, genealogical, patriotic, social, and fraternal organ-— 


izations, among them the Western Society of Engineers, the Chicago Building 
me 


Congress, ‘the Am merican Conerete_ Tnstitute, the American Soicety for Testing 
Materials, and the Chicago Engineers’ Club. addition to three Free and 


“4 


oa he Accepted Masonic orders, he he belonged to fo Alpha Delta Phi, Tau Beta Pi, ion 


 . Especially conspicuous was Mr. Randall’s contribution on the strength of steel — 

beams fully encased in conerete, on lightweight concrete for floors in building — 
construction, on proportioning of building foundations, and on design of 
frames to. resist lateral forees due t to wind. In spite of his large practice as a 


consulting engineer, he always found time for outstanding s service in We 2 
committee work and i in civie affairs, 


it He was married to Mabel Madeline Morris on February 1, 1908, and is. sur- 


Mrs. Randall and their children: Ruth Louise, Helen Anna, Frank 

of the American Society of 

_ Civil ‘Engineers ¢ on December 5, 1911, and a Member on April 18, 1917. ‘He 
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 gdgeke the public schools of New Haven, he entered Yale University and was 


in 1909 with the degree of Bachelor of Science i in Civil Engineering. 
‘nanee-of- -way forees of the Missouri Pacific Railroad Company and later 


location s surveys er railroad across | Panama. On his return to ‘the — 
States he w worked for a short time with the Western Maryland and the New York, 
New Haven and Hartford railroad companies, respectively, = 
n 1914 he entered the service of the United States government and for ten 
ee years was affiliated with the Bureau of Valuation of the Interstate Commerce ees 
Commission. His work consisted of computing | the valuations of the railroads 
= of the United States. . This work took him to many states and railroads, espe- 
gially those in the eastern section of the country. hus 
He resigned in 1924 from the Bureau of Valuation to accept a position with 
the Richmond, Fredericksburg. and Potomac Railroad Company in Richmond, 
Va. His Job with this railroad consisted of the necessary valuation. work 


for the railroad company, under the direct supervision of of E. M. Hestitigs: Past 
oie President, _ ASCE, then chief engineer of the Richmond, Fredericksburg and 
Potomac Railroad. Gradually work with the railroad company was 
“3 panded, and he was engaged in handling construction ‘and surveys in ‘addition to 
valuation ion on the r railroad. ‘This eomprised many small jobs and a number of 
: rather ex extensive projects, including the building of new diesel facilities in in Rich- 
bi ‘mond, new freight and passenger stations in Quantico, Va., and a | new bridge | 
4 across Aquia Creek, Virginia, this last being a project costing more than a ‘mil- 
_ Upon his sudden death after a short illness, Mr. Reimann left a host of friends. ae 
; His s unfailing good humor and wit made him ee by all who knew him. He ie 
was a member of the Central Virginia Engineers’ Club and the Yale Club of see 
ie On December 26, 1916, he was married to Marie Barker of Washington, D. a di 
‘Hei is survived by his v widow and by as sister Louise Reimann of New Haven. bas 
2 Mr. Reimann was s elected an Associate Member of the American Society wry 


Civil Engineers on Januar 18, no ews 
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A» ndrew the son of Herman and Roselia (Kohn) Rosenwasser, was 
born of German parentage in Bohemia, on _ October 30, 1848. The 


_ boys and three girls, settled in Cleveland, Ohio, i 


At 16, following in the footsteps: of an older brother, he got into bir 


eoustrastion of the Union Pacific Railway between Nebraska and Utah. "Begin- 
ing in in 1868, and, ‘except for a few years in n the newspaper | publishing business y 
=F with the Omaha Bee, and another brief term as assistant engineer on what is 
Biss now the Chicago and Northwestern Railroad (between Tekemah and Oakland i in 
“3 Nebraska), his entire professional lifetime was spent in a splendid service to 
the City of Omaha, Nebr. He was city « engineer { from 1871 to and again 
rr aq As a consulting engineer he helped plan public tipeormnnttd in Colorado 4 
* and South Dakota; he had charge of construction at the Homestake Mine, Lead, 4 
_ 8. Dak. ; and he gave expert counsel on sewerage for more than twenty-five 
American n cities. His success in these fields was recognized by his appointment 
od as chairman of an engineering « commission in Washington, D. C., by President — *) s 
‘Harrison; by his being called to Mexico City by President Diaz to consult on 
a : 3 public improvements; and by the University of Nebraska, at Lincoln, i in confer- a 
on him, a a man without college tra training, its first degree of Doetor of Engi- : 
Rosewater developed a series of flush tanks and of the more than three 
-_ hundred installed in Omaha 90% were still in use in 1952. He was one of the ; 
early: ‘students of of modern hydraulics, developing charts f for the flow of water 
through pipes s and sewers using the Kutter formula. 
in conclusions quickly ‘but accurately reached, ‘and by sincerity ‘and 
a citizen. . He Was a man of strong personality, of of positive v view: ‘a 
and was not to be moved from what he believed to be right. 
: an faithful i in the devotion to his profession, and was vas loyal to employer, friends, 7 
nee on to Als 
ae On October 18, 1883, he was married to Frances Meinrath of Boston, Mass. 4 
7 “Hei is survived by his widow; one son, Stanley M., an attorney ; four brothers; 
and two sisters. bas wobiw sil yd eis 
Mr. Rosewater was elected a a Member of the American Society y of Civil Engi- ~~ 
October 3, 1883. at AL yal oo livid 


prepared t the late Frank T. Darrow, M. ASCE. 
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Blair Arthur son of Albert L. and Mary E. (Clifford) Ross, was 
born on December 16, 1887, of English parentage in Novelty, Mo. He attended the — 
local | schools and then the University of ‘Missouri, at Columbia, Teceiving the de- 
= e of Bachelor of Science in Civil Engineering i in 1912. hy 


«After: few years : of experience i in ‘stractural drafting, drainage, and 


ain, 29th 
ed many years 
to levee and revetment work in the 1st and’ 2nd districts of the Mississippi ‘River ver 
Commission a at ‘Memphis, Tenn., as. junior engineer, assistant engineer, and as 
sociate engineer, ‘successively. chief assistant to the chief of the } Memphis 
-_ Distriet, he had a prominent part in ) studies for the formulation of the “J adwin 3 4 
Phe wii “Still later, as chief of the area embracing the > Arkansas, White, and St. . 
wee Wate basins, he distinguished himself by his success in closing many levee 
breaks | and preventing others. He in developing concrete matresses 


: _ His later years, beginning in March, 1940, were devoted to the N ational Park — 
Serviee, first at Shiloh National Park, near Corinth, Miss., and in 1945 at Boeky 
Mountain National Park with headquarters: at Gatlinburg, Tenn. Ass superin- 


as the operations. His love of nature and natural friendliness were ‘important — ih 


assets in these positions until his health forced him to resign in December, a : a 


Mr. Ross" was: a former member of tthe Memphis Engineers’ Club, a a member 
of Acacia fraternity, the Free and Accepted ‘Masons (32nd degree), and the 
e. He served the Methodist Chureh at | Gatlinburg. enthusiastically as 


In he married to Allien Murray of Jackson. His wife and son, 


Mr. Ross was elected a Junior of the! Society of Civil Engineers 


on March 13, 1917; “an Associate Member on’ October 14, 1919; and a Member 


Memoir prepared by Herbert 8. Glaatelter, M. ‘ASCE. 
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NED HENSEL SAYFORD, M. 


FEeruary rm “1952 


Sayford, was born in Harrisburg, Pa. , on March 8, 1884, years before 


being graduated from Lehigh Univ ersity, in Bethlehem, ond, one year ar after- 


Then he broadened his experience: ona . variety of projects, including locations 

in Montreal, Que., Canada, Schenectady, Grand Rapids, Mich., Altoona, 
‘In 1913 Mr. Sayford joined the Morgan Engineering Company i in Memphis, _ 7 


_ ward, he worked in the engineering department of the City of Camden, N. J. ' 


enn., and in the following twenty years he vera designed, and Gonatrested 


The TVA is indebted to his ingenuity for many of its successes. ex 


190, 000. acres, largely small and irregular parcels: in ‘rough terrain pose 
_ boundaries, were involved. _ Ordinary survey methods being impracticable, Mr. _ 4 
Sayford developed the use of ‘enlarged aerial photographs a as plane table sheets, 


a More advanced procedures. with major savings in time and money were later 
adopted, including particularly -stereo- ereo-photogrammetric methods for 
_ Under his guidance, and with the | cooperation of the United States Geological 
ean a German invention, the multiplex aeroprojector, was adopted and this’ 
a revolutionized the mapping profession. It led to the ‘mapping personnel and 
facilities of his organization being practically taken o over by the United States 
cig of the Army during World | War Il, for mapping almost 800,000 — 
ott With an an insistence for accuracy and economy, Mr. Sayford a Ss an amazing 
aN capacity for searching out and applying new ways. His intensity made failure 
of those things that just could not happen. 
‘He ‘held membership in the American Institute of a 
Society of Photogrammetry, the Chattanooga and the Memphis engi- 
neers clubs, and the Knoxville Technical Society, also the Sigma Phi ‘Epsilon — 
Fraternity and Tau Beta Pi honor He was ‘a life member of the 
American Congress on Surveying and Mapping. p eth A 
On August 9, 1911, in Monroe, N > * Mr. Sayford was married to Helen 
~ Newland Newburgh. ‘He is survived by Mrs. Sayford; a daughter, Mrs. Ray- 
bourne Thompson, of Houston, Tex.; a son, Alan N. Sayford, of Chattanooga, s 


= two | Frank Sayford of N. and M. 


¥ 


— 
— 
— 
= 
— 
— 
vice present in 199 o jon the Tennesse Valley Authoity (TVA), > 
| q 
— 
i 


Sayford was an Member of the American Society 

_ Civil Engineers on December 3, 1912, and a Member on June | 24, 1916. He ) 


—— 


in Wangen : a. Aare, Switzerland, | June 2 
“1892, ‘He studied ¢ at the Federal Institute of Technology in Zurich, Switzer- 
land, where he received the degree of Civil Engineer in 1914. During the next yl 
few years he was engaged in hydroelectric surveys, field work, and design with 5 


the ‘Schweizerische Wasserwirtschaft in Bern and the Lonza 


at Basel, Switzerland. 7. 


Rochester, in Fresno ‘aiid Ban Frantinso in 
Hy California; and structural designer on the Oakland- -Alameda Tunnel project also 
_ in California. With this background Mr. Schorer became engaged i in work Which | tae 
allowed full development of special talents, “serving (from 1926 to 1983) 
te first as hydraulic engineer ‘and then as chief engineer for Thebo, Starr, and Fe 
Anderton, consultants and constructors, of San Francisco. ‘He prepared. reports, 
_ on, and preliminary designs for, various hydroelectric and water supply proj- i 
ects; he designed the Glines Canyon arch dam and appurtenant structures near 
Port Angeles, Wash.; and he directed the design of the Guadalupe River Power 
Project near Medellin , Colombia, and the design and construction of several air- 
_ For a short period Mr. Schorer was an engineer ‘for the United ‘States Bu- pes 
‘ve of Reclamation in Denver, Colo., and in 1934 he became manager and presi- 


dent of the: Borsari Tank Corporation in New ‘York, @ position which he held © i 


pers installations sand large industrial | structures 1 while he was with the | 
Corporation. Later he also formed a separate ‘company for the utilization of 


patents for prestressing reinforced concrete structures. His three papers*** 


Pe published by the Society, “Buttressed Dam of Uniform ‘Strength, ” “Design of ae 


Large Pipe Lines,” and “Line Load Action on ‘Thin: — Shells,” 


ea va developments of design and construction of such structures. In addition wa com- 


4Memoir prepared by Mikael Juul Hvorslev, M. ASCE, 
Transactions, ASCE, Vol. 96, 1982, p.666. 
Vol, 98, 1088, 200, 
Vol. 101, 1936, p. 767. 
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"ability the design and construction activities and the man- 
agement of a large engineering 1 firm. He will be remembered by all who knew . ib 


_ him for his loyalty to friends and for fairness and consideration i in all his deal- 7 


= 


ings with those who worked with him and for him. 


He held membership in the American Concrete Tnstitute and the Association 


ae des Anciens Eleves de L’Ecole Polytechnique Fédérale of Zurich, 2s 
Mr. Schorer Was elected an Associate “Member of the “American of 


MORTIMER WILSON SMITH, JR., M. ASCE: ak 


Mortimer Wilson ‘Smith, the son of Mortimer Emma 


forbears in and M Massachusetts he came of pioneer stock in | 


attended the public schools of the Fishburn Military Academy 


7% ye Waynesboro, Va. » and in 1914 he was gtaduated | from the University of — 


, land ‘surveys, and other develop- 


Following service in World War as a Lieutenant, Corps of Engineers, 


_-_ United States Army, for two y years he was ; employ ed by t the Hope Natural “iid 


1 and ‘maintenance of stre street et paving, sewers, bri plant, 


In 1932 Mr. Smith was elected to the West Virginia he 


._ ee served with distinction on important committees and was the author of several = 


was 1s empowered to take over all including 28,000 miles, formerly y admin- 
istered by the counties. Mr. Smith effected a complete reorganization and § suc- > 
cessfully administered i it for ‘the next four and a half years. 
a cm In 1937 Mr. Smith became ¢ director of the Motor Carrier Department of the 4 
ey, Public Service Commission. In this connection he was, for five years, the Wet iy 
‘Virginia m member of tk the Interstate ‘Commerce Commission J oint Boards. 


Memoir prepared by a Commitee of the West Virginia Section consisting of Frank D. _ . 
McEnteer, M. ASCE, Chairman, George EB. Norris, A.M. ASCH, and George L. 


bills which are now state laws. During | this period the State Road Commission 
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is ie World | War pia he was = commissioned a Major i in the United Stat 


= 
Military Following at Fort Custer he was hospitalized for 
_ four and a half months. When he had sufficiently recovered he returned to his — 
3 former position with the Public Service Commission of West Virginia, where he a 


“mit ‘in his old home in Clarksburg, and to which he the same 
ability, enthusiasm, sterling integrity, and unfailing geniality that characterized 
> Bcc Smith was a lifelong member of the Presbyterian Church, a member ¢ of — 
— the Sons of The American Revolution, a Rotarian, a a past-Post Con _ of Re 
the American Legion, and a registered professional engineer. 
: i  -Ond une 6, 1917, Mr. Smith was married to to Pauline Musgrave in ‘ilies: 
a He is survived by his widow and two brothers, Augustine and Ethelbert Smith. oa 
Mr. Smith was elected an Associate Member of the American Society of i "i 
Civil on 2, 1922, and a Member on October 20,1947. 


‘William the son of Gustav and Frieda Spirz, was in ‘San 
x Calif., on May 21, 1902. He attended the city’s public schools 
San Mateo Junior College. In 1931 he received the degree of Bachelor of 
Seience in Civil Engineering from the University. of California at Berkeley. 
-<— Mr. Spirz began his engineering career with ‘the National Park Service in 
Sequoia and General Grant parks, after which he was employed by the United r 
States Bureau of Public Roads ‘road and bridge construction in Yosemite 
- Park until 1933. The same year he joined the engineering staff of the San ai 
Francie -Oakland Bay Bridge where for three years he was engaged on } con 
struction in the West Bay and in San Francisco. _ During 1937 he did constru 


tion work on buildings: for Golden Gate International Exposition in in San 
s In 1938 he was employed by the California State Division of Highways on ss 
bridge design ond construction. He then (1941) entered the United States 


as as a First Lieutenant, and serv ed as post engineer at nine stations in the west- tea a 
nie ern United States during the four war years. In 1945 he returned to the San a a 


Franciseo- Oakland Bay ‘Bridge and was a member of the engineering staff staff 


4 | of two nonprofit organizations, the Monongahela Valley Hospital Service, In- 
4 
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— 

_ 
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1832 OF DECEASED MEMBERS 
Althongh Mr. Spirz had traveled widely a asa youth, he his native. city 


now of doidw bas wi bio eid at sanobien diet 


ae Ernest Osgood | Sweetser, the son of Frederick R. and Mary E. (Osgood) — Ba 
was born on October 19, 1883, in Cumberland Conter, Me., and there 
his preliminary education at Greely Institute. Entering the Univer- 7 
“ sity of Maine at Orono, he gained the Bachelor of Science degree in Civil E Engi- “a 4 
neering in 1905, and later, in 1912, the degree of Civil Engineer. 
ee His entire professional life: was spent at Washington Unive ersity, in St. Louis, e , 
As instructor from 1905 to 1910, assistant professor from 1910 to 1917, 
a a , and professor of structural engineering from 1925 and of civil engineering from 
1937. Following his special interests, he was the author of reports on research 3 


and other structural materials, « on impact and live load stresses in steel 


bridges, and the St. Louis tornado (1927). ‘sedia fl 
_ Professor Sweetser’s forty-five years of loyal service to the university was 
e subject of a glowing t tribute the faculty, which ‘stated in pest: me 

Be “Ernest Sweetser earned the sincere respect and affection of. the many stu- bs 
+2 dents under his instruction. To his colleagues he was known as one always 

_ ready to enter wholeheartedly into the professional and social life of < a 

_ University. His efficient service for many years as Grand Marshall at Com- 


: net and at other academic processions will be gratefully remembered.” 
————<— War I he served from 1917 to 1919 as Captain, 116th no : 


was a lover of music, possessor ¢ of a fine “baritone voice, -member and 
member with ‘Mrs. 


@ musie committee of the church, president of its Men’ 8 Club, and member of ; 
Professor Sweetser belonged ‘to ‘many “engineering organizations: In the 
a American Railway Engineering Association he had been a member of the Com- 4 
on Masonry; in the American Concrete the Com n- 


M. AS 


> 
Bay Bridge, which meant so much to the entire metropolitan community. He “a 
Was @ member of the Commonwealth Club, the retired Officers’ Association, Park q 
_ 
a 
— 
— 
— 
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— 
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per 


ber of ‘the Committee on Education Methods 


in 1935. ee He aleo 80 belonged to Sigma Xi, Tau Beta Pi, Sigma Chi (social), and — ap 


the Free and Accepted Masons. Bilt a0 4 
e On August 7, 1909, he was married to Carrie L. Blanchard, also of Cumber- 3 : 


land Center. Both fond of the out-of-doors, they made frequent trips to the 


Ozarks and spent summers at their cottage on the Maine coast. . Hei is survived 


™” his widow and by a brother, Herman P., of Cumberland Center. nciiliod: te 


Pad ‘In the Society Professor Sweetser had sated as a member of the Comittee 2 


a on Aims and Activities, and the Committee on Public Information. In 1928 he | 


Professor Sweetser was elected an | Associate Member of t the American So 


BIDS WING TAYLOR) M. ASCEY 


Ellis Wing Taylor, the son of ‘Frank Wi Ving and Minnie (Cray) Taylor, was 


. i! ms born i in Chicago, Ill, on October 2, 1887. The family mo moved to Los Angeles, 
in 1894. His father was in the banking business in both 
a year at Columbia University in New York, N. . Y., he transferred to the Col- 

¥.. lege of Engineering, University of California at Berkeley, from. which institu 

he received the degree of Bachelor of Science in 

Almost immediately Mr. Taylor entered into partnership with his brother, 
: ‘Edward Cray Taylor, in the practice of architecture and engineering in Los” 
Angeles. During World War The attended the Submarine Officers’ School at 

_ Annapolis, Ma., , being graduated | in Jun June, 1918, as Ensign and assigned to the 


was later assigned as Commander of the F- 3. pak 


After the war, the brothers reopened architectural office in Los 


carried on under the name, Ellis Wing Taylor, Architect ar and Engineer. 


7 
ee Although the office was responsible for the design of many ty pes of buildings . 


~ 


; 


‘such as schools, hospitals, and commercial buildings, Mr. Taylor was perhaps 


at best known for the design of the Douglas Aireraft plants at Santa Monica, El yale 


Segundo, and Long Beach and Consolidated Aireraft’s plants N Yo. 1 and No. 2 oe 


at San Diego—all in California. These assignments led to his belie engaged as 


an a ig a consultant for a large British airerait plant in 1936. During Worl 


d War 
perhaps his ‘most unusual | project was the camouflage design for the aircraft 


~ 


— Engineering Education, a mem- 
and president of the Missouri 
he 
= 
4 
— 
c= 
3 
— 
— 
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lifelong ys yachtsman, Mr. Taylor 


schooner, The Enchantress. Besides being official measurer he was for a num-— 


Greatly interested i in the welfare and integrity of the 
- ¥ served on a number of engineering committees and in 1950 was chairman of _ 


meree ad? Yo a bad matsowe iat 
| All who knew Mr. Taylor respected him and at the same time loved him for 


aa his merry kindliness. His impersonation of a hula dancer at a party was a _— 
ey . work of art and he could reeall the words to most of the sea chanties. Se 


also a licensed architect. belonged to the Structural Engineers’ Associa- 
any tion of Southern California ‘and the American Institute of Architects. He was 


the Jonathan Club. college Phi Kappa Sigma. 


Cresson Tsautwine, II the son of John 1 Cresson, Jr., and Lane- 4 


(Smith) Trautwine, was born i in Philadelphia, Pa, on 25, 1878. “His: 
grandfather, John Cresson Trautwine, was the « originator of Trautwine’s Civil 
He: was educated in the public schools of Philadelphia and the Cascadia 
v4 Preparatory School at Ithaca, N. Y. | After being graduated from Cornell Uni- . 
“Oe _ Versity at I Ithaca i in 1900 with ith the degree of Civil Engineer, | he soon became as- 
4 sociated as one of the. editors of the family ‘publication, ‘The Pocket- book, , and i, 


E in time became the author of many of its sections. 4 In 1909, he was made its 


‘Memoir prepared by John B. Perry, M. ASCE. 


«Trojan to a victory in the 1915 San Pedro to San Francisco Race. He i q 
2 ve in the Honolulu Race of 1928 and in the 1930 Honolulu Race on the winning 4 


Be ber of years on the Race Committee of the Southern California aay = 
4 


the Building and Safety Sub-Committee of the Los Angeles’ Chamber of 


ae Taylor was a registered civil and structural engineer in California | and ‘- 


a member of the | Los Angeles * Yacht Club, the Santa Monica Swimming ee 


editorial director. After his father’s ‘death, he took over the publication as 
me 


a owner as well as editor and continued in this position until his own death. a ; 
a me: ‘Chapters in the book were frequently revised by him and he planned aca ¥ 


a > Besides his editorial duties, Mr. Trautwine was engaged over the years in a Ma 
3 diversity of engineering work: Investigator of water power possibilities i in New 


q 


WS 


«a 


— 
al 
— 
& ‘Taylor, Jr., and Peter ‘Tracy ‘Taylor, by a previous marriage. 
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— 
= 
— 
= 
d | 
a 
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_ Jersey and Pennsylvania; engineer with the ‘Union Railroad Company at Port 
rs eng Pa.; and a surv eyor for the Glen Iron Furnace | Company. _ For more 


_ at Manayunk, Pa., and on a mine tunnel survey at Monatawny, Pa. In this 
ad period, experimenting and inventing consumed some of his time: He developed 

x a monopod for r dispensing with instrument tripods in mine surveying; experi- 
mented with a sounding balloon to carry y sighting light into inacessible portions — 

a of mines, and was the inventor of a shader for player pianos. During all these 4 cs 


x activities, however, he was closely associated with the business of publishing The oe 


§ For years, , Mr. Trautwine made his home in Philadelphia and held member- 


ship in the engineers club of that city. He moved to Ithaca, in 1935, so 


on the investigation o “ building vibrations and | foundations, on water power tests — 


he could carry on his editorial work near Cornell, his alma mater, which he loved 1 


dearly. His chief outside interests were music: and While a 


_ ciety and for 801 some time, its treasurer. secon seventeen years, he held membership we 
in the Franklin Institute of Philadelphia and on its Science and Arts: 


i 
4 
4 — 

q | 
— 
— 
is extensive travels he had assembled a very large film collection. 
1930, he was married to Florence M. Bailey of Philadelphia. She died at 
Ithaca in 1949, six months prior to his death. q 
Mr, Trautwine was elected a Member of the American Society of Civil En- 
gineers on August 9,1920. 
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VOLUME. 

AT 
SUBJ ECT INDEX 


See EARTHQUAKE RECORDING i 


COSTS; VALUATION ; also under re subject 


UNDERWATER 


«See SOUNDINGS AND SOUNDING INSTRUM 


under subject of address 


AERIAL MAPS AND. MAPPING 
MAPS AND MAPPING, AERIAL 


AERIAL PHOTOGRAPHY 


_ See SURVEYS AND SURVEYING, AERIAL 
q AGRICULTURE» 
See DRAINAGE; IRRIGATION; LAND . 


"Ke 
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— 
“Model Tests Using Low-Veloity Air” James W. Ball (with diseussion), 821.0 J 
Bicich and L. W. Teller 
LS; WATER, CON- 


See AIRPLANES; ; COSTS, _AIRCRAI 2 
STRUCTURES , THEORY THOTMART STA 


Design . As Related to Standards,” Milton W. (with diss 


also COSTS, AIRPORT; COSTS, AIRPORT Rk RUNWAY; PAVEME 

“Aircraft Redon As Related to Airport Standards,” ‘Milton w. Arnol 


has “Base Course Drainage for Airport Pavements,” A. Casagrande and W. L. Sa 
| AP 792. Discussion: Edward S. Barber, D. P. Krynine, and A. Casagrande and 4 
rated, 71. 
International Airport” Benjamin E.  Beavin, 781. 


_ All weather flying as it pertains to the redesigning of f many airports to accommodate in Ty 


A 


‘Directional for Airport Ralph H. Burke O. 


redesign plan of St. Louis Municipal Airport, 656. 


¥ “Redesign of Major Airport Terminals,” Herbert H. Howell, — 


Design factors consbting safety, 782, 


lution research in relation to public health, 151. 


Fi study of all phases of smoke problem in United States conducted by Mellon — pa 
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A. vibols¥- wot | ae 
Sewage by Basin Infiltration,” Ralph Ste Stone and Willan 


F, Garber (with ¢ discussion), “nay niA. ‘ot 2A ? 


‘See also under name of relative metal aq bares 220 


CL. Gaylord, I. G. Hedrick, Jr., S. A. Kilpatrick, R. B. B. Moorman, J. S. a ‘4 
F. L. Plummer, E. J. de Ridder, TOG. Hartmann, 
See EROSION ... ; GEOLOGY; SEDIMENT AND SEDIMENTATION 
de “Specifications for Heavy Duty Structures of High- Strength Aluminum Alloy” : 
Final Report of the Committee of the ‘Structural Division on Design in 


ITA 


bees 


ase tion, Denver, Colorado, June 18, 1952, Cariton S. Proctor, 1283. ings ae 


1952—Address at the Denver, Colorado, 18, (1952, 
Carlton Ss. Proctor, 1283. 


=A “Specifications for Heavy Duty Structures of High- Strength Aluminum lloy” : a q 


Final Report « of the Committee of the Structural Division on Design in Light- Y 
weight Structural Alloys, F. Baren, J. Ww. Clark, R. Ebenbach, J. T. rang 


nolighé Newell, F., L. ‘Plummer, de. Ridder, FJ, Tamanini, Hartmann, 


Reports—Dams, Masonry and Concrete 


_ “Uplift in Masonry Dams”: Final Report of the Subcommittee on Uplift * 
‘Masonry Dams of the Comealates on Masonry Dams of the : Power Division, — 
A: ages 1951, John B. Alexander, William P. Creager, L. F. Harza, Ivan E. Houk, ; 
Ser V. Karpov, Gerard H. Matthes, Byram W. Steele, James H. 
Thomas H. Wiggin, Ross M. Riegel, Chairman, 1218. “100 
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“Briendship International Airport,” Benjamin E. Beavin ( 
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for ‘Heavy Duty Structures of Strengitr: Aluminum Alloy” 
rg Final Report of the Committee of the Structural Division on Design in Light oe 
Structural Alloys, F. Baron, J. W. . Clark, R Ebenbach, J. T. Ellis, 
C.N, Gaylord, I. G, Hedrick, is Kilpatrick, R. B. Moorman, J. S. 
Newell, F. L. Plummer, E. J. de Ridder, F. J. Tamanini, 


4 os 


’ Specifications for Heavy Duty ‘Structures of 1 High- Strength Aluminum Alloy” : 

ot a Final Report of the Committee of the Structural Division on Design in ee ib 
weight Structural’ Alloys, F. Baron, J. W. Clark, _Ebenbach, Ellis, 
Gaylord, I. G. Hedrick, Jr., S. A. Kilpatrick, R. B. B. Moorman, 
x Newell, F. L. Plummer, E. J. de Ridder, J. Tamanini, E 


Mernoirs of Members. S: See name of member in Index 


See EQUATIONS; ; GRAPHICAL CH ARTS; MATHEMATICS; ‘STRUC- 
BINS 3 TURES, THEORY OF;; see under relative i BY N 


See under eg., "WATER, FLOW OF; IN OPEN CHANNELS; 


also cross references under INSTRUMENTS = 


See type of or structural part, e.g., BUILDINGS 


Meteorological conditions as ‘related to air problem, 151. 


AUTOMOBILE PARKING _ 112 off Jo ot isn 
See TRAPHIC, SEW AY AND TRAFFIC, 
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See 
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“Surface ‘Curves for Steady Nonuniform Flow,” Rober BL Jansen (with discus- 
by Spreading Basin Infiltration, Ralph Stone and 


formulas for tapered- flange and tapered-web solid 
“ oi also tapered-flange and tapered- web I-beams, 606, decades 610, 612, 614, 636. ATTA } 


See also STRUCTURES, THEORY OF—Beams and ‘Girders, “Continuous 
STRUCTURES, THEORY OF—Frames, Continuous 


Damping due to friction between stringers and floor b in sunpension bridges, 1 173. 


= “Forced Vibrations Edward Saibel and Elio D’Appolonia, 
1075. Discussion: W. H. Hoppmann, and Edward Saibel and Elio 
“Pile Foundations for Large Towers on Permafrost,” Nees (with discus- 7 


for Heavy Duty of High-Strength Aluminum Alloy” : 
Final Report of the Committee of the Structural Division on Design in Light- 


Ls 


Structural Alloys, F. Baron, ‘J. W. Clark, R. Ebenbach, J. T. Ellis, 


an Ae C. N. Gaylord, I. G. Hedrick, Jr., S. A. Kilpatrick, R. B.  Dteenen » J. 8. 4 
Newell, F. L. Plummer, E. J. d de Ridder, F. ‘J. Tamanini, E. ‘E. C. Hartmann, 


B 

B 
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J 


a “Wedge- Beam Framing,” Arsham Amirikian (with discussion), 596. 


3 BEARING CAPACITY (foundations, rocks, soils) 


SOI i A 
For more general | interpretation see cross references ‘under LOAD 
a 


“Specifications for Heavy Duty Structures « of High- Strength FG Alloy” : 

_ Final Report of the Committee of the Structural Division on Design in Light: 
weight Structural Alloys, F. Baron, J. W. Clark, R. Ebenbach, J. T. Ellis, 
i, E . C. Hartmann, 
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BED LOA 


«See RIFFLES; SILT AND SILTING hoe 


See SURVEYS AND SURVEYING . 


‘See BUCKLING; MOMENTS; STRESS AND STRAIN 


STRUCTURES, THEORY OF Frames. 


BIBLIOGRAI APHY 


= 
cal footnotes existing in individual in which books and other ‘material 


‘See also STRUCTURES, THEORY OF—Bins 


“Design of Large Coal Bunkers, ” Paul 579. Discussion: 
Blanchard, Alexander M. Turitzin, and Paul Rogers, 591. 


a Shallow Rectangular Bin,” Raymond L. Moore and J. R. Shaw, 


cross referenc under MEMOIR OF DECEASED 


See’ TRUSSES (cross references thereunder) ; BRACING 


Shia “Structural Damping | in Suspension Bridges,” Friedrich Bleich and L. W. Teller 


COLUMNS; FAILURES, GIRDERS; 
AND PILE DRIVING; | STRESS AND STRAIN—Bridges; 
STRUCTURES, THEORY OF—Bridges; TOWERS; (cross 
in ‘Suspension Bridges” ‘Friedrich Bleich and Ww. Teller, 
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Brief of theoretical and used in 


Heimer, Charles. Libove and Eugene B. Lundauist (with discussion), ‘545. 


a See ee CONSTRUCTION (cross references thereunder) OKA value 


“Lateral Forces of Earthquake and Wind,” Arthur W W. A. 

oh uc Henry J. Degenkolb, Harold B. Hammill, Edward M. Knapik, Henry L. 


Marchand, Henry C. Powers, John E. Rinne, George A. Sedgwick, and 
O. Sjoberg (with discussion), 716. Pg 


also COSTS ... ; EARTHQUAKE... ; ‘FIRE STREAMS; FOUN-_ 
DATIONS... ; HEAT AND HEAT TRANSMISSION; MATERIALS 
OF CONSTRUCTION ; STRESS AND STRAIN ... ; STRUCTURES 
THEORY OF . ; VIBRATION; WIND .... ; see also under type 


x 


“Wedge- Beam Framing,” Arsham. Amirikian (with discussion), 2 4 


1, Hae ana. 
See also CHANNELS; EROSION, ‘STREAM; IRRIGATION CANALS; 
Sh AND SILTING, CHANNEL; WATER, FLOW OF, IN OPEN 


CHANNELS; WATER TRANSPORTATION ; WATERWAY 

"Regime Theory Self- Sediment- Bearing Channels,” Thomas Blench 


a 


; 


+ 


ag -- The All-American Canal as the American counterpart of a northern India irri- 
Fel gation canal as ‘it pertains to the regime of channel behavior, 387, , 408. 
CANALS, IRRIGATION }- o 
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See MAPS AND MAPPING: SURVEYS AND | SURVEYING 
‘Operation of at openings causing minimum of cavitation damage, 831, 


also EROSION, STREAM; JUMP; RIVERS; SILT AND 
3 SILTING, CHANNEL; WATER DIVERSION; WATER, FLOW OF, IN 
Theory for Self-Formed Sediment-Bearing Channels,” Thomas 
Discussion: Emmett M. Laursen, Gerard H. Matthes, and Thomas 


sidered to be a limiting case, 


i Surface Curves for Steady Nonuniform Flow,” Robert B. Jansen (with disc 


_ “Turbulent Transfer Mechanism and Suspended | Sediment in Closed Channels,” Is 


Hassan M M. Ismail discussion), 409. 102 


GRAPHICAL CHARTS; HYDROGRAPHS... ; NOMOGRAPHS; 
also MAPS AND MAPPING; also under relative 


also AIRPORTS; AUTOMOBILE PARKING; BUILDINGS; cary 
ELECTRIC POWER; FIRE. 3 GAS AND 
WORKS; HEAT AND HEAT TRANSMISSION; ‘INDUSTRIAL 

POPULATION; PUBLIC UTILITIES; REGIONAL PLANNING; 
SEWAGE .. : SEWERS; STREETS; TERMINALS (cross reference 
thereunder) ; “TRAFFIC, STREET; WATER SUPPLY; also 


“Consumptive Use « of Water (symposium): Municipal and 
__ George B. 1004. AAT ALA :eTHOTATA 


es 
suggested | means s of reurbanization by | lanners, 1 


CITY PLANNING (General) TTIMMOD 
: See also HIGHWAYS AND ROADS; REGIONAL PLANNING; STREETS — 
- City) wide map requirements for : a recreational survey of large and small cities, 252. ae 
Summary list of various of photogrammetry an | aerial Photography to to 


cit 
“Surveying” and fos Modern City Planning,” Charles A. 
, 245. Discussion; Harold M. Lewi T. | and Charles 
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Peres SUBJECT INDEX 


“Pull ‘scale plans with detailed self-contained layouts. for new towns in in 


0 Britain, outlining land space usage for industrial, residential, trade, recrea- _ 
tional and other areas, with basic data statistical outline, 261,273. 


“The New Towns Program in Great Britain,” Cc. Coote, 261. 


1 Regional Survey of New York and Its Environs and other planning studies 


re, ‘Planning the National Capital : and “Problems of Attainment,” 
Ulysses Grant, III, 119. Discussion: A. P. Greensfelder, 128. 


“The New T Towns ‘Program i in Great Britain,” T. - Coote (with discussion), 261. 


Planning the National Capital : ‘Objectives. and Problems of Attainment,” ‘Ulysses 
See SURVEYS AND SURVE) EYING, , AERIAL 
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Specifications for Heavy ‘Duty ‘Structures of High- Alloy” 

‘i fe Final Report of the Committee of the Structural Division on Design in Light- 

weight Structural Alloys, F. Bafon, | Ebenbach, J. T. Ellis, 

C. N. Gaylord, L. G. ag R. B. B. Moorman, J. 
Newell, F. L. Plummer, E. J. de pla ‘Hartmann, 


COMMERCE 


Jet 


See AIRPORTS; TRANSPORT; CHANNELS: CITIES; HARBORS; 


sere LAKES; RAILROADS; RIVERS; TRANSPORTATION (cross references 
2 4 thereunder ) ; WATERWAYS; and other relative subject | headings 


See AMERICAN SOCIETY OF CIVIL ENGINEERS—Committee Reports ; 
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‘Serie of organization tests in cooperation with Massachusetts Institute of Tech- 

: =. _ nology and other institutions on shrinkage rates and material characteristics — 

eat corey concrete and gunite in their relation to prestressing operations, 90. soiled 


} cross reference under REINFORCED CONCRETE 
CONCRETE PAVEMENT AND PAVING BOD » 
‘See PAVEMENT AND PAVING, CONCRETE 


4 = 
“Design of Prestressed Tanks,” J. M. Crom, 89. Discussion: Mensch, Herbert 


CONCRETE, REINFORCED BEDAMTUOD 


See also JOINTS . . MOITAROGAOD 
“Specifications for Heavy Duty Structures of High-Strength Aluminum Alloy” 
eee) eae Final Report of the Committee of the Structural Division on Design in Light- 5 
a weight Structural Alloys, F. Baron, J. W. Clark, R. Ebenbach, J. T. Ellis, 
; ’ N. Gaylord, I. G. Hedrick, Jr., S. A. Kilpatrick, R. B. B. Moorman, J. S. 
F. L. Plummer, E. J. de Ridder, Ec 
Chairman, 1253. wt 2 


See FORESTS AND FORESTATION; ROUND, WATER: WATER, OF CON 
See BUILDING LAW; ‘BUILDINGS; CONTRACTORS. AND 
CONTRACTS; COSTS ... 3 FAILURES... ; MATERIALS 
_ CONSTRUCTION; SOILS— SPECIFICATIONS; STRESS 
AND of Construction ; STRUCTURES, THEORY OF; 
THEORY also under type of con HIGHWAYS AND 


See MATERIALS. OF UA THOUAEA are 
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‘CONTAMINATION, STREAM 


Sees STRUCTURES, THEORY OF Frames, Continuous 
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See GIRDERS, CONTINUOUS (cross reference thereunder) 
‘See relative subject, CONCRETE— Sons 
CONTRACTORS AND CONTRACTING VAT TUAMAVAd 


oad 


Contractors objections fo of echo sounders in n dredging contracts let by 


Several ia contract drawn for scttlers Mexico’s irrigation law, 33. 


_ CONVENTIONS (AMERICAN SOCIETY OF CIVIL ENGINEERS) 


See AMERICAN SOCIETY OF CIVIL -ENGINEERS—Addresses 


CORPORATION, PUBLIC SERVICE ao: a 


See also subheading Financing under ‘Telative subject 


costs, AIRCRAFT EQUIPMENT q 
Cost of airborne and ground equipment, 707, 708, 709. 


Aircraft Catering gears and multiple runway building costs compared, 662, 663, 664. 


& “Aircraft Design As s Related tc to ‘Airport Standards,” Milton W. ‘Arnold “(with dis- 


Cost in relationship to redesign of existing city facilities or relocating in 

os ae “country, and saving realized at Lambert-St. Louis Municipal Airport, » 654, 657, 
i ee Reduction of cost summarized under economy, of construction, economy of airline 

Tae operation and economy of maintenance, in relation to design, 782,787. = 
AM 

“Aircraft Design As Related to Airport Standards,” Milton W. Arnold (with 
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Buried a asphalt t membrane canal canal lining: compared with concrete lining costs. 241. 
Relationship ofc costs in new towns: Great adjacent but in 


‘Wedge- Beam Fr (with discussion), 596. 
i of costs in new towns Great but in sa: 


AW 


Te0D ‘ 


Estimated cost of needed future of United States high- 


HIGHWAY TRANSPORTATION “ai vl pol aot 


TAW 28209 


Relationship of doubt and ¢ regarding frictional losses in natural 
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STRAIN ; STRUCTURES, THEORY OF; VIBRATION; also. under 
“4 specific type of structure or related subject; also tiie general types of ese 


ag apt 
“Specifications: for Heavy Duty Structures of High- Strength ‘Aluminum 


‘Final Report of the Committee of the Structural Division on Design in Light. a 
weight Structural Alloys, F. Baron, J. W. Clark, R. Ebenbach, J. ‘ae 
oo iG Gaylord, I. G. Hedrick, Jr., S. A. Kilpatrick, R. B. B. Moorman, J. S. 
Newell, F. L. Plummer, E. J. de Ridder, F. J. -Tamanini, Hartmann, 


STRUCTURES,CURVED 


See CURVED STRUCTURES | (cross reference nce thereunder) 


ets. 


a See HY DRAULIC CTURES reference thereunder) 


‘See PLANE STRUCTURES (cross ‘Teference thereunder) 
See BEARING CAPACITY; EMBANKMENTS (cross references thereunder) ; : 
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structural ar rt 


Baron and James P. Michalos, 279. Discussion: Uku Mullersdorf, Maurice 


Barron, and Frank Baron and James F P. Michalos, 312. 


“Structural Damping in ‘Suspension Bridges, ” Fri riedrich Bleich and L. W. Teller 
HCOM 


7 on “Buckling Stresses for Flat Plates and Sections,” Elbridge Z. Stowell, George 4 %* 
4 Heimerl, Libove and Eugene E. Lundquist (with discussion), 545. 


Vibrations of Continuous Beams,” Edward Saibel and Elio D’Appo- 
Loaded Plane Structures and Structures Curved Frank 
Baron and James Michalos | (with discussion), 279. ae 4 
‘Limit Design of Beams and Frames,” J. Greenberg and w. Prager (with 
Methods used to determine forced vibrations applicable to problems involving 


“Wedge- Beam Framing,” Arsharm | Amirikian | (with discussion), 596. 
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Anal Analysis of of structural behavior in bins stress, » 379. te 


“Structural Damping in Suspension Bridges,” Friedrich ‘Bleich L. Ww. ‘a 
Teller (with discussion), 165. 


“Laterally Loaded Plane Structures and ‘Curved in Space; 


and James P. Michalos discussion), 279. it wwe 
‘Frames (General). "See also BEAMS; ‘COLUMNS; . GIRDERS | 

“Wedge- Beam Amirikian, 596. : G. 

- 2 J. J. Hromadik, and G. R. Swihart; Herbert A. Sawyer, Jr. : J. J. Polivka ; 
nd Arsham Amirikian, 632,00 TIIATAD aa 
a “Laterally Loaded Plane Structures and Structures: Curved in Space, 
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‘Limit Design of Beams and Frames,” and Prager “(with q 
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“Laterally Loaded Plane Structures and Structures Curved iin » Spake,” Frank 


TAN, ‘Tabular form for 2 analysis o of plane structures subjected to lateral loads, 292, 293. 


4 Baron and James P P. Michalos (with discussion), 279, 


“Buckling Stresses for Flat Plates: and Sections,” Elbridge Z. Stowell, George 


ho TANKS J. Heimerl, Charles Libove and Eugene E. Lindquist (with discussion), (545. ty vs 
dot “Deflections in Gridworks. and Slabs,” Waltes; W- Ewell, Shigeo Okubo 


Loaded Plane Structures and Structures Curved in Space,” Frank 
TA Baron and James P. Michalos (with discussion), 279, 


“Deflections in Gridworks Slabs,” Walter w. Ewell, ‘Shigeo Okubo and 


General procedure for analysis. of s space 304, 05,3 306, 
and Trussed Structures 

sion Maugh, and Kuang-Han Chu, 337,” 


See STRUGEYRES THEORY. OF—Trusses and Trussed Structures 


(Seek under type of structure, eg., SEWERS; see also SOILS. 


BA RTHWORK (cross references thereunder) ; FOUNDATIONS (and 

1 cross references thereunder) ; MASONRY (cross references thereunder) ; also — 

The Bergstrand geodimeter "developed as an distance meas-_ 

The EPI (electronic position indicator) ‘developed by the ‘United and 

“Some Aspects of Electronic Surveying,” Carl I. Aslakson (wit 1. 

“Methods for Sedimentation Studies” : A Symposium, Joseph M. Cala 
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SURVEYS AND SURVEYING G (General) to nitro} q 
also MAPS AND MAPPING; PROPERTY (landed property) (cross. ref- 
4 chi “International Cartography,” Robert H. Randall (with discussion), 1588 
“Some Aspects of Electronic Surveying,” Carl I . Aslakson, 1. Discussion: 
Three needs in field of electronic s surveying research, 15. 


lessing (with discussion), 245. 


AND SURVEYING, GEODETIC 
part in preservation of bench ‘marks, 215, 219, 221. 


and international ‘cooperative : activity Inter- American Geodetic 


“Some Aspects | of Electronic ‘Surveying,’ Carl I Aslakson (with discussion), 4 


4 SUR VEYS AND SURVEYING, HYDROGRAPHIC 
“Some Aspects of Electronic Surveying,” Carl I. Aslakson (with discussion), 1. 


Methods for Sedimentation Studies”: A Symposium, Joseph M. Cald- 
well, and L. C. Gottschalk (with discussion), 43.00 


SURVEYS AND SURVEYING, PLANE 


of “State Plane Coordinates” by United | States Coast and 


SURVEYS AND ‘SURVEYING, TOPOGRAPHIC 

“National Geodesy—Status and Planning, ” Leo O. Colbert (with Gecussion), 215. 


“Some Aspects. of Electronic ‘Surveying,” Carl I. -Aslakson (with discussion), 
SUSPENDED LOAD 


See BRIDGES, SUSPENSION 


relative subject, e.g-, HYDRAULICS; MATHEMATICS; STRUCTURES 


ee = See also WATER, FLOW OF, IN OF OPEN CHANNELS; WATER ‘STORAGE © 
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19) 
“Longitudal Mixing PU ‘by Radioactive Tracers,” ” Harold A. Thomas, Jr. 


Ee and Ralph S. Archibald (with discussion), 839. 


See TANKS, SEDIMENTATION (sewage) 


TANKS, SEWAGE einizem to roit amatidorg rf 
TANKS, SEDIMENTATION (sewage) 


eae also COSTS, TAXATION ; also under relative  sibject, subheading Financing 7 


“Valuation and Related to Income Tax,” Maurice R. Scharff (with 


“TENNESSEE VALLEY AUTHORITY 


See RIVER VALLEY AUTHORITIES ni 


— See AIR TERMINALS ( (cross reference thereunder) ; see also cross references 


TERMINOLOGY (Arr anged hereunder by specific or comprehensive subject word 
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b b 


Airfield and air terminal differentiated, 781. 
_ Airport a apron pron frontage line defined in relation to ‘major divisions | of the dete, 
Beams. as a term | challenged under specified usage), 
Bending moments. (‘ ‘Statically. ‘compatible’ bending moment distribution com-— 
pared with “admissible” distribution), OF DUITZaT 
asa scientific term easily translated into ) foreign languages,’ 158, 164. 
(Pan American Institute of Geography and History glossary of 
planning described as more inclusive than a science, 
Consumptive use of water and related terms, 949, 952. 
Damping an and damping ca capacity in relation to : suspension bridge vibration, 166, 169. 
“Fission” and “radian” challenged as terms when used ed in relation to solutio on of 
trigonometric e equations, 143,148. HT 
‘Fluft” as locally used in tidewater section of River, 52. bs 


Ground water spreading and s; spreading grounds: defined, 1024. 


Ion exchange i in water conditioning, 361 AIA AO 4O YHOSHT 
Irrigation. (Operation a as used in Mexican irrigation), 36. 
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SUBJECT INDEX 
Isotopes. life of isotopes defined and definition. challenged), 845, 


=a Land use terminology as standardized by Bryant Hall and Edward B. Wilkens, 

Limit design asa term and * ‘limit analysis” as better term, 


. ‘Load. “(Live load weight distinguished fr from dead load weight), 180. 


Mapping and surveying as difficult terms 158. 
= Mathematics. ¢ “Hype” ” as a term in solution by “fission method” of computing in - 


-. problems req:tiring determination of maxima and minima in higher mathemat- — 


jes), 131, 132, 150. 2AZAT 
Municipality defined i in relation to use of water, 1004. TAXA 


“Regime” as a term. | (Usage adopted many | years ago by irrigation engineers), ra 


Rivers. A (A river “in regime” and regime ty type | river defined i in relation to river ba- 
Rivers. (River terminology regarded unsatisfactory, especially as to usage of 
SURV “point,” “point of bend,” and “crossing”), 684, 687. 
Safety fac factor ‘collapse i in to of | limit design, 447, 473. ak 


and torsion analogy a as an 1 analytical procedure, 279, 280. » ; 
sandy river | bank recession, 679, 680. MANT 19 


Sounders. (Supersonic and sonic. sounders differentiated), 10) ‘Al 


” (Transceiver defined ‘onl 45, 48. ah 


and ‘mapping ‘as difficult terms ‘for foreign language translating, 
sn 

Turbulence. (Fluid turbulence as generally defined), 1150. 


Water. (Consumptive use (or evapo- transpiration) and related terms): , 949, 952. 


Zeolite as applied by many users of term, 362. taolan § 


See under use, material, ‘structure or 


_ TIVE TRACERS; SHEAR; STRENGTH OF MATERIALS; STRESS 
AND STRAIN ; also under material, structure or structural part tested, eB. fs 


“See cross references hereunder and under ANALYSIS OF DATA; see also under * 


; MATHEMATICS 
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THEORY OF LIMIT DESIGN 


under also cross references under APPARATUS; INSTRUMENTS; 


See MAPS AND MAPPING (General) 


TOPOGRAPHIC SURVEYS AND SURVEYING) TART 


“Pile Foundations for Large Towers on Permafrost, ” A, Nees. (with discus-. 


also HIGHWAYS AND ROADS—Safety; TRANSPORTATION. 


AIRPORTS—Safety;; I HIGHWAYS AND  ROADS—Salety 


TRAFFIC, AIR urs io. avits 192914 | ni neg 
‘Directional Requirements for Airport Runways,” Ralph H. Burke and 


ot “Redesign of Maior Airport Terminals,” Herbert H. Howell, 653. PA's Bu 
A 


TRAFFIC, HIGHWAY ANDROAD 


To 


Donald S S. Berry, Joseph Barnett, 0. K. -Normann, and J. _P. Buckley, 864. 
Je Circular chart practical woking capacities for flat and hilly 2-lane rural 


See TRAFFIC, HIGHWAY AND ROAD; TRAFFIC, STREET 


“Application of Highway Capacity Research,” Buckley, 857... 
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“Application of Highway Capacity Research’ P. Buckley, 857. Discussion: 


“4 
Measure of of signalized 2 ‘unsignalized 219, 920, 921, 922, 


erway Traffic on Lakes,” John R Hardin, « 30° 


S. Berry, Joseph Barnett, oO. K -Normann, and J. . Buckley, 864 


Circular showing for vensiog types of districts 


and without for 2- sorts in terms of total vehicles 


See TRAFFIC, HIGHWAY AND ROAD and « traffic, 


«See JETS (cross reference thereunder) 27, only 
See WATER, CONSUMPTIVE USE OF (in ‘oie 


See AIR TRANSPORT; CANALS; HIGHWAY TRANSPORTATION; 
_ LAKES; RAIROADS; RIVERS; ROLLING STOCK; STREET TRANS-— 


_ PORTATION; TERMINALS (cross references thereunder) ; TRAFFIC; 


L 


(See. also ‘MATHEMATICS; SURVEYS A AND ‘SURVEYING we 


= Engineers’ part in preservation of monumented stations, 215, 219, 221. Oat AS v 


First field trial and development of procedures of ‘shoran, 


“National Geodesy—Status and Planning,” Leo O. Colbert (with discussion), 2 215. 
“Some Aspects of Electronic Surveying,” Carl I. Aslakson (with discussion), 1. ae 
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STRESS AND STRAIN—Trusses and Trusse Structures ; STRUC- 
‘TURES, THEORY OF—Trusses and Structures 


eferences under CONDUITS; “NOZZLES ; PIPE LINES; PITOT 
TUBES; ‘SHELL STRUCTURES a. TAV 


J Use of air instead of water to determine flow characteristics, 827. 


Low velocity air testing as ‘relating to turbine design, 


a “Experimental Study of Water Flow i in ‘Annular Pipes,” W. M. went 


“River Channel Roughness,” Hans A. Einstein and Nicholas L. Barbarossa 


“Turbulent. Trensier and “Suspended | Sediment iw Channels,” 


_ _Hassan M. Ismail, 409. Discussion: Emmet M. Laursen and Pin-Nam L 
Turbulent transfer 1 mechanism experimental results tabulation | (including new 
- nomenon relating to dunes on the bed (run 119)), 416, 426, 438, 439. — : 
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SEEPAGE 
UNDERGR OU 
ty 


‘See der f struct ‘SEWERS; il SOIL ttiv > 
oe er ype of structure, see also O SOILS 
oil 


SOUNDINGS AND SOUNDING INSTRUMENTS” 


‘See WATER PRESSURE 
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See CITIES 


See PUBLIC UTILITIES 


RIVER VALLEY AUTHORITIES 


“Utilization of Ground Water i in California,” ‘T. Russel sel Simpson (with di: 


ve ‘Construction of Columbia Basin Project with topographical map, 234. se 
El Pa aso- Juarez, Valley. bos nistenid A } dw 


TRAE “Consumptive Use of Water (symposium) : Special Case in Rio Grande Basin,” a 


Se. “Mississippi River ‘Valley Geology Relation to River Regime,” Harold N. Fisk, 


a -oniq on 667. Discussion: Leo M. Odom, Stafford C. Happ, and Harold N. Fisk, 683. 


“Stage. Predictions for Flood Control Operations,” Ralph | ad King (with discus- 


United States government g geodetic control established in ‘Missouri River 


og Development of Nile River Basin for irrigation oan with map showing 


and d proposed « dams, 242. mu q 


Development of the Republican River Basin in Colorado, 4 
io Grande — 
als, Consumptive Use of Water (symposium) : Special Cone i in Rio Grande Basin,” : 


‘Fant 


Robert L. Lowry (with discussion), 


River Valley. See RIVER VALLEY AUTHORITIES 


_. = “Valuation and Depreciation Related to Income Tax,” Maurice R. Scharff, 341. ; 


Discussion: George > J. Soffer, Eugene and ‘Maurice’ R. Scharff, 348. 


Hollow jet valves i in low velocity air testing for “solving design problems, 
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fic type of vehicle, g., 


VEHICULAR TRAFFIC OMIHTAS 


ATER, FLOW OF 


‘Vibrations of Beams,” Edw: 


Marchand, Joba E. George A. ‘and Harold 


“Structural Damping in Suspension Bridges,” Friedrich, Bleich and L Wz Teller 
noite 


Bibliography on Tateral fo 


"VIRTUAL WORK, PRINCIPLE 0: OF ind 


“Limit Design of Beams and Frames,” Greenberg and W. (with dis- 


e4 “Truss Deflections by the Coordinate Method,” Han Chu (with 

Course. Draisage for Pavements,” A. Casagrande and W. L. 


under relative structure of wall, TANKS; also.) BAR 


cross r references under ENGINEERS 
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See INDUSTRIAL WAS! SEWAGE SLUDGE; SEWERS... ia 


See ‘SEWAGE DISPOSAL; SEWERS 


UNDERWATER: “GROUND "WATER; “HYDRAULIC 
HYDRO- . . ; IRRIGATION; METERS AND METERING; 


thereunder) ; RAINFALL; RESERVOIRS; RIFFLES; RUNOFF; 


_ WATER INVASION (cross re reference thereunder) ; SANITATION (cross - 


 peferences therennder); SEA WATER; SEEPAGE; SEWAGE 
POSAL; SEWERS; SPREADING G BASINS; TANKS... 
stool NOLOGY; TUNNELS, WATER ; TURBULENCE; WELLS Sonya 
also BACTERIA; WATER TREATMENT 


's Chentical analyses of well water and surrounding ground water, in the canal 


oh California sewage spreading basins area, 1216, 1217. 


Usage of salts versus tracers in water analysis, | 839. ) a 


dite). 


 “Ground- -Water Movemest Controlled ‘through Spreading,” Paul Baumann with 


Operating waste ‘due to to sudden « changes and other conditions i in 
systems, 76, 83, 87. 
“Sewage Reclamation by ‘Spreading Ralph Stone and 
*Consumptive the of Water” : : ‘Symposia, Rich, Wayne 
_ D. Criddle, and Robert L. Lowry, 948. Discussion: George HL Hargreaves, 
; x - William W. Donnan, and Harry F. Blaney, M. J. Youhotsky, L. R. Rich, Clyde 
=: Houston, Wayne D. Criddle; Isom H. Hale and George A. Whetstone; H. | 
R. McDonald; and Robert L. Lowry, 988, 1001, 1021. 


WATER, CONSUMPTIVE USE OF (in industry) 


af ‘Consumptive Use of Water (symposium) : Municipal an sad Industrial 


—— B. Gleason, 1004. Discussion: Robert H. Born, and Meyer Krams, 


Pi 


waren DEMINERALIZATION | |, dazosera 


tek 
See. WATER TREATMENT A. 


PIPES AND PIPING (cross neforeces thereunder) 
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SUBJECT ‘INDEX 


“Mississippi River Valley Geology Relation to River Regime,” Harold N. 
“Rectification of the Papaloapan Fi River Reynaldo ‘Schega (with 
FLOW OF (General) uHO HOUOSHT. AGTAW 
See also COSTS, WATER FLOW ANALYSIS; FLOODS; FLUMES; me 
TION; GROUND WATER; HYDRAULICS; MODELS, 


Pye 


lege 
Tests ‘Using Low- Velocity “Air,” James Ball (with 821. 


WATER, FLOW OF, FROM} BASINS 


WATER, FLOW OF, OPEN CHANNELS 


METERS AND METERING, CURRENT; RUNOFF; SEDIMENT "AND 
SEDIMENTATION ; SILT AND SILTING, CHANNEL 


Flow formulas, generalized regime theory, 386, 391, 402, 406. 14 ROTA We a 


FORESTS: AND FORESTATION ; HY DROGRAPHS, “STREAM FLOW; 


“Model: and y Studies of Sand Traps,” Ralph L. Parshall (with discus- 
ITA WAAL VIAG OKA | 
as Blench 


"Regime Thedry Formed ed Sediment- t- Bearing Blench 


“Surface. Curves for Steady Nonuniform, Flow,’ Robert B. 1091. Discus- 
sion: Ivan M. Nelidov; J. C. Stevens, Maurice Bishay and H. E. Babbitt; 7 
K C. Wu; J. Pietrkowski; and Robert B. Jansen, 1098. 


Tractive for force intensity laminar film hypothesis, 398. ine 


See also COSTS, WATER FLOW ANALYSIS; PIPES AND PIPING (cross 
references thereunder) SEWERS ; WATER R PRESSURE 104 | SATAN 
“Experimental Study 0 of f Water Fi Flow in Annular Pipes,” W.N M. Owen, 
“ ‘Longitudinal Mixing Measured ‘by Radioactive Tracers,” ‘Harold A. Thomas, In a 
x03 and Ralph S. Archibald, 839. Discussion: Conrad P. Straub and Donald A 
-- Pecsok; Alfred C. Ingersoll; and Harold A. Thomas, Jr. and Ralph S. ho 


Radioactive “markers” for finding obstructions ‘in ‘Pipes as related to to 
Velocity ¢ distributions in annular pipes, 
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OW OVER DAMS J AND D WEIRS BY wil i 


F,O 
“Model and Prototype Studies of Sand Traps,” Ralph Parshall (with disc 


(with discussion), 528. 


“WATER, FLOW OF, THROUGH CHUTES 32) 40 
FLOW OF, IN OPEN CHANNELS 


TER 


R, FLOW oF, THROUGH ORIFICES 
maa Investigation of Fire Monitors and d Nozz es,” Hunter Rouse, J. W. 
se q Howe and D. E. Metzler, 1147. Discussion: G. Halbronn; ‘Pierre “Oguey, 


~ Marcel Mamin, and Francois Baatard; John H. Arnold; and Hunter Rouse, 


J. W. Howe, and D. E. Metzler, 1176. wa 
a! te Jet trajectory tests fo nals various monitors by means of photographs of nozzle stream 


‘4 Rk. uv i Arty 


WATER, FLOW OF, THROUGH SHORT TUBES AND NOZZLES | 


WATER, FLOW OF, ROA 5093, we 


See HA HARBORS; PILES AND PILE DRIVING; WATER /TRANSPORTA- 


types of instraments, eig., SOUNDINGS SOUNDING 


7 Prat tay) 
PIPES AND PIPING references thereunder) rot ne 


tg 
WATER PIPES AND PIPING Lowry, 1d VI wo. 13 AaTAW 1 


PIPES / AND PIPING (cross Teferences thereunder) 2T209 


also BACTERIA; INDUSTRIAL WASTE; ; OXYGENATION; SEW- 


acceptable Standards for Natural Waters Used for Bathing,” Charles R. Cox, 


for Natural WwW aters Used for Bathing, "Charles 
hep 
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‘See DAMS; ELECTRIC POWE ER; POWER PLANTS; RIVER 
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Pim 
Sa Investigation of Fire Monitors and Nozzles,” Hunter Rouse, J. W. 
Howe and D. E. Meteler (veith discussion), 1147. inn 


“Surface ‘Curves for. Steady Nonuniform Flow,” Be 


Pe - in Masonry Dams”: Final Report of the Subcommittee on Uplift in Ma 
sonry Dams of the Committee on Masonry Dams of the Power Division, _ 
1951, John B. "Alexander, William P. Creager, F. Harza, Ivan E. Houk, 
V. Karpov, Gerard H. Matthes, Byram Steele, James H. ‘Stratton, 
Thomas H. Wiggin, Ross M. Riegel, Chairman, 1218. ic 


WATER ‘TREATMENT THE Ont HAT AW SA i 

“Consumptive Use ‘Water (symposium) : Municipal. and. Industrial Areas,’ 


g 

4 See SEA WATER 


AAT IITA Vi. eT YAN orlp 
warns SOFTENING pak dusig st b frow to 


COSTS, WATER STORAGE; HYDROGRAPHS, WATER STORAGE; 
RESERVOIRS; TANKS; WATER ‘CONSERVATION 

yw 

WATER SUPPLY (General) 1gAUT SB 


See also ALGAE; DAMS; FLOODS; 1S; GROUND WATER: IRRIGATION ; 

- METERS AND METERING; PIPE LINES (cross reference thereunder) ; 
PIPES AND PIPING (cross references thereunder); RAINFALL; RES- - 
ERVOIRS; SILT AND SILTING; SPREADING... ; TANKS; 
NELS, WATER; WATER . (related subject headings thereunder) ; 


| *Consumtive Use of Water (symposium) : Forest and Range Vegetation,” L. R. 


- "Consumo Use of Water (symposium) : Irrigated Crops,” Wayne | D. Criddle 
(with discussion), FO ATZAW \ARTAW 

“Consumptive of Water (symposium) : Municipal and Industrial Areas,” 

George B. Gleason (with discussion), 1004. 


——-“Consumptive Use of Water (symposium) : _ Special Case in Rio Grande e Basin, Ee, 
Robert L. Lowry (with discussion), 1014. AVE) orto 


Problems encountered i in developing new towns (in Great Britain), 261, 270. a 
Research need and developments i in potable water from sea water, 368. a mi ae 


‘Reclamation by Basin Infiltration,” Stone and and ‘William 
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“Utilization of Ground Water in California,” T. Russel ‘Simpson (with discus- : 


arti te 4 


WATER TRANSPORTATION (General) 


See also CANALS; CHANNELS; HARBORS; LAKES; RIVERS; TRAF- 
LAKE; WATER FRONT (cross ref references thereunder) WATER- 


Am “Waterway Traffic on ‘the Read Lakes,” ” John R. Hardin, n, 351. 


See also BACTERIA; COSTS, W WATER TREATMENT; WATER ANALY- _ 


Capacity. of softening plant, DUIMATIOS | 


ree 


“Longitudinal Mixing Measured by Radioactive Tracers,” Harold J A. Thomas, Jr. 
and Ralph S. Archibald (with discussion), 


“Resinous | Ion jon in Water Treatment,” ” William W. Aultman, 361 
See TUNNELS, ‘WATER AOAAOTS AATAW 
See GROUND WATER sin WAT iff QUA 


INDUSTRIAL WASTE; SEWAGE DISPOSAL; SEW WERS 


WATER CONSERVATION; WATER, CONSUMPTIVE USE OF 


"See also. CANALS; CHANNELS; COSTS, WATERWAY; 
LAKES; RIVERS ; SURVEYS AND SURVEYING, HYDROGRAPHIC; 
TRAFFIC, WATERWAY (cross reference t thereunder) ; WATER DIVER-— 
SION; WATER RIGHTS; WATER TRANSPORTATION a 
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“Waterway, Traffic on the Great Lakes,” J ohn R. 


a) 

St. St, Lawrence River Seaway project in its relation to . world- wide trade for. Great x 


See WATER TRANSPORTATION A 2. nol 

See DAMS; ENGINES reference thereunder) ; PIPE LINES (cross all 
erence thereunder) ; PIPES PIPING (cross references thereunder) ; 

PUBLIC UTILITIES; RESERVOIRS; ; SEDIMENT AND SEDIMEN- 
‘TATION; TUNNELS, WATER; WATER STORAGE: (cross references 
thereunder); WATER SUPPLY WATER TREATMENT; 
WEATHER 


_WEDGE-SHAPED MEMBERS, STRUCTURAL 


WATER, FLOW OF, OVER DAMS J AND 


also GROUND WA TER: H 


Known areas and types of aqui 


WILLIOT-MOHR DIAGRAM 
GRAPHICAL CHARTS | 


See also AIRPLANES; AIRPORTS _ 


“Lateral Forces of Earthquake and Wind,” Arthur W. Anderson, John A. hii. 
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